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ABSTRACT 


'  Tlie  strongly  three  dimensional  and  highly  unsteady  nature  of  the  flow  in  axial  turbines  has, 
until  recently,  defied  in-depth  analysis^-On  the  other  hMdp’the  benefits  that  can  be  realized  from  an 
improved  capability  to  predict  the  aerodynamics  and  heat  transfer  in  turbines  are  numerous.  These 
benefits  include  improved  performance  through  higher  efficiency,  higher  thrust-to-weight  ratio 
through  higher  turbine  inlet  temperature,  and  improved  durability  through  more  precise  predictions 
of  local  heat  load.  T*  •  ^  •  . 

Of  particular  interest  in  the  present  program  were^e  aerodynamic  mechanisms  affecting  ^he  ‘ 
attenuation  of  a  radial  temperature  profile  in  the  flow  as  it  passed  through  the  turbine.  The  radial 
temperature  profile  in  the  flow  exiting  a  combustor  and  entering  a  turbine  can  range  from  compres¬ 
sor  exit  temperature  100“F)  near  the  hub  and  tip  end  walls  to  a  maximum  (as  high  as  32(X)*^in 

the  midspan  region.  The  heat  load  at  any  location  on  the  turbine  airfoils  or  end  walls  will*depend 
strongly  on  the  local  gas  temperature  at  that  location  ^and^ence  the  mixing,  or  attenuation,  of  the 
inlet  temperature  profile  is  of  critical  importance.  - 

The  objective  of  this  program  was  to  examine  the  three  dimensional  nature  of  the  flow  in  a 
turbine  with  particular  focus  on  the  mechanisms  affecting  the  mixing  and  attenuation  of  an  inlet 
temperature  profile. 

The  present  program  has  advanced  the  state-of-the-art  by  providing:  ej^austive  aero¬ 

dynamic  data  base  for  the  three  dimensional  flow  in  a  large  scale  axial  turbine, ‘(5)  an  exhaustive 
data  base  documenting  the  mixing  of  a  simulat^ctM^ustor  exit  temperature  profile  as  it  passed 
through  the  turbine,'  and-^  an  assessment  of  a|sfate-of^e-artthree  dimensional,  time  accurate, 
Navier-Stokes  prediction  of  the  flow  in  the  turbine  stage.  ^  '  - 
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1.  INTRODUCTION 


LI  BACKGROUND 

Turbine  heat  transfer  has  historically  been  one  of  the  “barrier  technologies”  in  the  develop¬ 
ment  of  the  gas  turbine.  As  the  technology  has  advanced  this  fact  has  become  even  clearer.  It  is 
recognized  that  in  the  near  future,  ‘Turbines  will  be  required  to  operate  at  near-stoichiometric 
(3500-40(X)°F)  inlet  temperatures,  yet  maintain  efficiencies  in  the  88-94%  range.  Increased  cool¬ 
ing  effectiveness  to  0.85  and  reduced  total  cooling  flows  to  5% . are  required  to  meet  these 

goals.”  *  This  is,  to  say  the  least,  a  challenging  situation. 

The  main  focus  of  this  challenge  is  in  the  complexity  of  the  flow  in  a  turbine.  The  flow  is 
highly  three  dimensional  due  to  both  the  inviscid  and  viscous  flow  mechanisms  present.  Even  if  the 
flowpath  and  airfoil  geometries  were  only  two  dimensional  the  flow  would  still  be  strongly  three 
dimensional.  This  situation  can  be  expected  to  worsen  because  the  trend  in  the  industry  is  to  in¬ 
creasingly  three  dimensional  geometries  since  this  leads  in  the  direction  of  higher  efficiency.  There 
is  further  complexity  in  the  fact  that  the  flow  is  highly  unsteady  due  to  both  random  and  periodic 
fluctuations,  i.e.  turbulence  and  stator/rotor  interactions.  The  high  levels  of  combustor-generated 
turbulence  entering  a  turbine  coupled  with  the  wake-generated  turbulence  produced  within  the  tur¬ 
bine,  and  the  strong  periodic  unsteadiness  resulting  from  the  closely  spaced  stator  and  rotor  rows, 
are  known  to  have  a  powerful  impact  on  the  flow. 

In  spite  of  this  formidable  situation  dramatic  improvements  have  been  achieved  in  engine  per¬ 
formance  through  improved  turbine  cooling  technology.  These  improvements  can  be  seen  in  the 
fact  that  while  allowable  metal  temperatures  have  only  risen  by  approximately  200°F  in  the  last  20 
years,  turbine  inlet  temperatures  have  risen  by  approximately  SOO^F  in  the  same  period.  This  im¬ 
provement  is  due  to  advances  in  the  areas  of  predicting  external  heat  loads,  improved  film  cooling 
schemes,  and  improved  airfoil  internal  cooling  schemes. 

The  thermal  analysis  of  a  turbine  airfoil  is  based  on  the  delicate  balancing  of  aerodynaiiucs 
and  thermodynamics.  The  external  aerodynamics  dictates  the  nature  of  the  inviscid  velocity  distri¬ 
bution  on  the  airfoil  surface.  The  surface  boundary  layer  dictates  the  heat  load  that  the  airfoil  inter¬ 
nal  cooling  scheme  must  absorb.  This  heat  load  is  influenced  by  at  least  two  additional  factors,  the 
introduction  of  film  cooling,  and  the  potentially  nonuniform  distribution  of  adiabatic  recovery  tem¬ 
perature  in  the  free-stream  flow.  The  internal  cooling  scheme  of  the  airfoil  must  be  locally  tailored 
to  absorb  the  highly  nonuniform  heat  load  and  to  produce  an  airfoil  surface  temperature  distribution 
which  is  acceptable  both  in  terms  of  the  temperature  levels  and  their  gradients.  Most  of  these 
aspects  of  heat  transfer  technology  have  been  the  focus  of  intense  research  over  the  years. 


*  Quoted  from  the  1987  brochure  for  the  Integrated  High  Eerformance  Turbine 
Engine  Technology  initiative  (IHPTET). 
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There  is,  however,  a  variety  of  turbine  heat  transfer  mechanisms  that  have  received  very  little 
attention  for  the  simple  reason  that  they  are  difficult  to  simulate  experimentally.  These  are  the 
mechanisms  related  to  the  actual  turbine  environment.  They  are  related  to  the  fact  that  the  adiabatic 
recovery  temperature  of  the  combustor-generated  flow  entering  the  turbine  is  highly  nonuniform, 
both  circumferentially  and  radially.  While  the  presence  of  these  mechanisms  has  been  acknowl¬ 
edged  by  the  industry  for  many  years  there  is  no  definitive  body  of  information  currently  available 
to  quantify  their  impact. 

The  designer’s  goal  is  to  devise  an  airfoil  cooling  scheme  which  produces  not  only  the  desired 
averaged  temperature,  but  also  an  acceptably  uniform  temperature,  i.e.,  controlling  the  temperature 
gradients.  Airfoils  rarely  bum  out  “on  the  average.”  They  bum  out  locally.  This  necessitates 
designing  a  cooling  scheme  not  for  the  average  heat  load,  but  for  the  local  heat  load.  Since  the 
adiabatic  recovery  temperature  of  the  flow  is  the  driving  potential  for  the  heat  load,  and  since  the 
adiabatic  recovery  temperature  in  the  flow  entering  the  tmtiine  is  highly  nonuniform,  it  would  be  of 
value  to  be  able  to  predict  the  attenuation  (mixing)  of  the  temperature  profile  through  the  turbine 
and  the  distribution  of  the  recovery  temperature  on  the  airfoil  and  end  wall  surfaces.  The  data  ac¬ 
quired  in  this  program  gives  a  basis  on  which  designers  can  begin  to  estimate  the  distribution  of  the 
adiabatic  recovery  temperature  in  the  flow  as  well  as  on  the  airfoil  and  end  wall  surfaces. 

In  brief,  the  present  program  provides  documentation  of  the  three  dimensional  flow  in  a  one 
and  one  half  stage  turbine  model.  This  documentation  includes  surface  flow  visualization,  airfoil 
pressure  distributions,  and  aerodynamic  traverse  data  downstream  of  each  airfoil  row  (total  and 
static  pressures,  flow  speed,  yaw,  and  pitch).  These  experimental  results  are  compared  with  results 
computed  by  Rai  (1987)  for  this  turbine.  The  redistribution  of  an  inlet  temperature  profile  was 
simulated  by  measuring  the  redistribution  of  an  inlet  trace  gas  profile.  The  trace  gas  concentration 
(simulating  adiabatic  recovery  temperature)  was  documented  locally  on  the  airfoil  and  end  wall 
siufaces  as  well  as  with  traverse  measurements  in  the  flow. 
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L2  TECHNICAL  APPROACH 
1.2^  Aerodynamics 

Temperature  profile  attenuation  occurs  because  of  radial  transport.  If  the  flow  remained  on 
stream  surfaces,  as  assumed  in  strip  theory,  existing  prediction  methods  would  be  sufficient.  It  is  an 
unavoidable  fact,  however,  that  there  are  always  strong  radial  transport  mechanisms  in  turbines.  A 
partial  list  of  these  radial  transport  mechanisms  divided  into  two  broad  categories  is  as  follows. 

Deterministic: 

—  End  wall  -  airfoil  boundary  layer  interactions 
—  Viscous  and  inviscid  secondary  flows 
—  The  relative  eddy 
—  Rotor  tip  leakage 
—  Airfoil  boundary  layers 
—  Airfoil  wakes 
—  Wake  -  airfoil  interaction 
—  Leading  edge  horseshoe  vortices 
—  Three  dimensional  airfoil  and  end  wall  geometries 

Diffusive: 

—  Molecular  diffusion 
—  Turbulent  diffusion 

At  the  outset  of  this  program  it  was  anticipated  that  the  deterministic  mechanisms  would  be 
dominant.  An  analysis  by  Adkins  and  Smith  (1982)  based  on  these  mechanisms  had  been  success¬ 
ful  in  predicting  many  aspects  of  spanwise  mixing  in  a  number  of  axial  compressors.  Since  that 
time,  however,  something  of  a  controversy  has  arisen  over  the  relative  contributions  of  the  deter¬ 
ministic  and  diffusive  mechanisms.  The  works  of  Gallimore  and  Cumpsty  (1986)  and  Gallimore 
(1986)  pointed  out  that  a  model  based  on  diffusive  mechanisms  could  also  predict  many  aspects  of 
spanwise  mixing  in  axial  compressors.  More  recently  Wisler,  Bauer  and  Okiishi  (1987)  have  dem¬ 
onstrated  that  there  are  regions  of  the  flow  in  an  axial  compressor  where  one  or  the  other  mechanism 
dominates. 

All  of  this  previous  work  has  been  in  axial  compressors.  The  flow  in  axial  turbines  is,  to  put  it 
mildly,  very  different.  Turbines  have  strong  flow  accelerations  and  much  higher  flow  turning.  The 
secondary  flows  in  turbines  are  also  much  stronger.  The  motivation  for  the  aerodynamic  documen¬ 
tation  of  the  turbine  was  to  be  able  to  quantify  the  relative  strengths  of  these  mechanisms. 

In  this  experiment  the  turbulence  at  the  turbine  inlet  (Plane  1)  is  small  relative  to  the  turbu¬ 
lence  exiting  a  combustor.  The  LSRR  inlet  turbulence  at  Plane  1  is  0.5%  while  estimates  of  the 
turbulence  in  combustor  exit  flows  are  in  the  vicinity  of  10%.  This  issue  of  the  relative  importance 
of  the  deterministic  and  diffusive  mechanisms  would,  to  a  degree,  be  answered  by  an  experiment 
with  a  high  turbine  inlet  turbulence.  However,  this  is  beyond  the  scope  of  the  present  program. 
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Since  the  beginning  of  this  program  there  has  been  a  dramatic  advancement  in  the  computa¬ 
tional  state-of-the-art.  The  first  evidence  of  this  was  seen  in  the  work  by  Rai  (1987)  in  which  he 
calculated  the  flow  through  the  entire  LSRR  first  stage.  His  calculation  was  three  dimensional, 
compressible,  viscous,  and  in  a  time  accurate  manner  it  captured  the  unsteadiness  due  to  stator-ro¬ 
tor  interaction.  Accordingly,  carrying  out  an  in-depth  assessment  of  Rai ’s  computation  became  a 
major  element  of  the  present  program. 

A  study  of  the  effect  of  an  inlet  temperature  profile  on  turbine  performance  was  carried  out  by 
Stabe  et  al.  (1984).  They  studied  a  single  stage  gas  generator  turbine  with  an  axisymmetric  inlet 
temperature  profile.  Their  results  indicated  that  turbine  aerodynamic  performance  was  very  insen¬ 
sitive  to  the  inlet  temperature  profile.  It  should  be  pointed  out,  however,  that  the  magnitude  of  the 
temperature  profile  they  used  was  very  weak  when  compared  to  those  commonly  occiming  in  en¬ 
gines. 

In  summary,  the  intent  of  the  aerodynamic  portion  of  the  experiment  was  to  document  three 
dimensional  flow  in  a  turbine,  i.e.,  the  radial  transport.  This  was  to  be  done  by  measuring  the 
fullspan  pressure  distributions  and  by  obtaining  surface  flow  visualization  on  all  three  rows  of  air¬ 
foils.  In  addition,  fullspan  radial/circumferential  traverse  data  was  to  be  obtained  in  the  flow  down¬ 
stream  of  each  airfoil  row.  This  traverse  data  was  to  include  the  total  and  static  pressures  and  the 
flow  yaw  and  pitch  angles.  From  these  results  the  axial,  tangential,  and  radial  components  of  the 
local  velocity  vectors  could  be  determined. 

T.2.b  Trace  rJas  Simulation 

The  primary  objective  of  the  program  was  to  determine  the  degree  to  which  an  axisymmetric 
inlet  temperature  profile  was  attenuated,  or  mixed  out,  by  the  three-dimensional  aerodynamic 
mechanisms  present  in  a  turbine.  This  was  accomplished  by  measuring  the  aerodynamic  flow  field 
in  the  turbine  and  by  measuring  a  simulated  temperature  profile  as  it  was  convected  through  the 
turbine.  It  was  recognized  that  the  temperature  drop  due  to  work  extraction  was  nottiiodeled  by  this 
approach,  however,  this  aspect  of  the  temperature  field  can  be  determined  on  a  first  principles  basis. 

Outside  of  the  work  extraction  process,  the  temperature  field  does  not  play  a  major  role  in  the 
three-dimensional  nature  of  the  flow  in  a  turbine.  Munk  and  Prim  (1947)  demonstrated  that  tem¬ 
perature  gradients  do  not  affect  the  streamline  pattern  of  a  flow.  Their  analysis,  however,  was 
restricted  to  flows  in  the  absolute  frame  of  reference.  An  extension  of  these  concepts  to  the  rotating 
frame  of  reference  was  demonstrated  by  Hawthorne  (1974).  He  showed  that  secondary  vorticity  in 
the  rotating  frame  of  reference  could  be  generated  by  gradients  in  the  rotary  total  pressure  as  well  as 
by  gradients  in  the  rotary  total  temperature  (or  density).  For  constant  density  flow  in  the  rotating 
frame,  the  rotary  total  pressure  is  the  kinematic  equivalent  of  total  pressure  in  the  absolute  frame  in 
that  a  gradient  in  rotary  total  pressure  is  required  to  generate  secondary  vonicity.  As  pointed  out  by 
Hawthorne  (1974)  in  the  discussion  of  his  Eq.  54,  the  effects  of  the  rotary  total  pressu*  3  and  tem¬ 
perature  gradients  will  generally  reinforce  each  other.  However,  it  can  also  be  seen  in  Hawthorne’s 
Eq.  54  that  the  pressure  gradient  term  should  generally  dominate  the  temperature  gradient  term. 
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The  conclusion  here  was  that,  in  spite  of  the  fact  that  the  work  extraction  process  and  density  gra¬ 
dients  were  not  being  modeled,  the  trace  gas  technique  would  give  a  reasonable  simulation  of  the 
attenuation  of  an  inlet  temperature  profile. 

The  application  of  the  mass  transfer  analogy  to  obtain  heat  transfer  information,  i.e.,  tempera¬ 
ture  field  redistributions,  has  been  well  documented  in  the  past  by  Eckert  and  Goldstein  (1976), 
Pederson  et  al.  (1977),  and  by  Dring  et  al.  (1980).  The  main  assumption  in  this  analogy  is  that 
throughout  the  flow  field  the  turbulent  Prandtl  number  (which  governs  heat  transfer)  and  the  turbu¬ 
lent  Schmidt  number  (which  governs  mass  transfer)  vary  in  such  a  manner  that  their  ratio,  the  turbu¬ 
lent  Lewis  number  is  close  to  unity  at  all  points.  This  assumption  has  been  shown  to  be  accurate  for 
turbulent  wakes  and  jets  by  Reynolds  (1976).  Although  there  are  basic  differences  in  the  flow,  it 
was  expected  that  the  analogy  would  be  even  better  in  the  present  turbine  flow  field  due  to  the  large 
scale  viscous  and  inviscid  radial  flow  mechanisms  present. 

The  simulation  was  carried  out  using  a  distribution  of  a  trace  gas  to  simulate  the  total  tempera¬ 
ture  field,  that  is,  the  radial  temperature  profile  at  the  turbine  inlet  was  simulated  with  a  radial 
(axisymmetric)  profile  of  trace  gas  concentration.  Carbon  dioxide  was  chosen  as  the  trace  gas.  Its 
molecular  weight  (44)  is  somewhat  greater  than  that  of  air  (29)  but  it  has  the  advantages  that  it  is 
neither  toxic  nor  combustible.  Other  experimenters  have  used  ethylene  as  a  trace  gas  because  its 
molecular  weight  (28)  is  close  to  that  of  air.  The  safety  hazard  of  using  large  quantities  of  a  combus¬ 
tible  gas  precluded  its  application  in  the  present  experiment.  The  effects  of  the  molecular  weight  of 
the  trace  gas  are  essentially  eliminated  as  a  result  of  the  very  low  concentration  levels  used  in  the 
experiment.  The  maximum  concentration  was  typically  1500  ppm  (1000  to  1200  ppm  above  ambi¬ 
ent),  or  0.15%. 

The  mass  transfer  analogy  was  chosen  to  study  turbine  inlet  temperature  prorile  attenuation 
since,  for  the  present  application,  a  mass  transfer  process  could  be  set  up  with  greater  accuracy  in 
the  boundary  conditions.  This  included  a  well  defined  axisymmetric  inlet  trace  gas  profile  and 
“adiabatic”  surfaces  throughout  the  turbine  model.  In  addition,  a  mass  transfer  process  could  be 
studied  more  accurately  and  more  economically  than  the  corresponding  thermal  process. 

The  trace  gas  technique  was  applied  to  the  problem  of  turbine  temperature  profile  attenuation 
in  a  “proof-of-principles”  experiment  by  Joslyn  and  Dring  (1988).  This  paper  demonstrated  both 
the  techniques  necessary  to  generate  the  desired  inlet  profile  as  well  as  the  measurement  technique 
and  its  application  in  both  the  absolute  and  rotating  frames  of  reference. 
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L3  PREVIOUS  STUDIES  ON  THE  UTRC/LSRR  TURBINE  MODEL 

As  a  result  of  the  large  variety  of  experiments  that  have  been  carried  out  on  the  Turbine  Model 
in  the  UTRC/LSRR  it  has  become  a  popular  benchmark  on  which  to  carry  out  assessments  of  vari¬ 
ous  physical  models  and  computational  methods.  A  brief  summary  of  these  references  is  given 
below.  Complete  citation  information  is  given  in  the  REFERENCES. 

Aerodynamics  (Experimental) 

—  Dring  and  Joslyn  (1981) 

—  Dring,  Joslyn,  Hardin  and  Wagner  (1981) 

—  Dring  and  Joslyn  (1983) 

—  Joslyn  and  Dring  (1983) 

—  Joslyn,  Dring  and  Sharma  (1983) 

—  Sharma  et  al.  (1985) 

—  Sharma  et  al.  (1988) 

Aerodynamics  (CFD) 

—  Rai(1987) 

—  Rai  and  Dring  (1987) 

—  Madavan,  Rai  and  Gavali  (1989) 

—  Adamczyk  et  al.  (1989) 

Axisvmmetric  profile  attenuation 
—  Joslyn  and  Dring  (1988) 

Nonaxisvmmetric  effects  (hot  streaks  and  phantom  cooling^ 

—  Butler  et  al.  (1986) 

—  Rai  and  Dring  (1987) 

—  Roback,  Dring  and  Joslyn  (1988) 

Heat  transfer  and  film  cooling 

—  Dring,  Blair  and  Joslyn  (1980) 

—  Dring,  Blair  and  Joslyn  (1987) 

—  Dring  et  al.  (1988) 

—  Blair,  Dring  and  Joslyn  (1989a) 

—  Blair,  Dring  and  Joslyn  (1989b) 
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n.  DESCRIPTION  OF  THE  EXPERIMENT 


n.l  LARGE  SCALE  ROTATING  RIG  (LSRR) 

The  Large  Scale  Rotating  Rig  (LSRR)  was  designed  for  carrying  out  detailed  experimental 
investigations  of  the  flow  within  turbine  and  compressor  airfoil  rows.  Primary  considerations  were 
to  provide  a  facility  which  would:  (1)  be  of  sufficient  size  to  permit  a  high  degree  of  resolution  of 
three-dimensional  flows,  (2)  possess  a  high  degree  of  flexibility  in  regard  to  the  configurations 
which  could  be  tested,  and  (3)  enable  measurements  to  be  made  directly  in  the  rotation  frame  of 
reference. 

The  facility  is  of  the  open  circuit  type.  Flow  enters  through  a  12  foot  diameter  inlet  A  6  inch 
thick  section  of  honeycomb  is  mounted  at  the  inlet  face  to  remove  any  cross-flow  effects.  The  inlet 
smoothly  contracts  the  cross  section  down  to  a  5  foot  diameter.  The  flow  then  passes  through  three 
fine  mesh  screens  to  reduce  the  turbulence  level. 

The  test  section  consists  of  a  series  constant  diameter  casings  enclosing  the  first  stage  stator 
and  rotor,  and  the  second  stator  of  the  turbine  model  (Figs.  II-l  and  II-2).  The  turbine  has  a  hub/tip 
ratio  of  0.8  and  all  three  airfoils  have  aspect  ratios  close  to  unity  (Fig.  11-3).  As  can  also  be  seen  in 
Fig.  n-3,  the  axial  gaps  between  the  rows  can  be  varied  greatly.  In  a  previous  study  of  rotor-stator 
interaction  (Dring  et  al.,  1981)  the  gap  between  the  first  stage  stator  and  rotor  was  set  at  both  15% 
and  65%.  The  midspan  sections  of  the  first  stage  airfoils  are  shown  in  Fig.  n-4  in  the  15%  gap 
configuration.  In  the  present  program  the  50%  gap  configuration  was  used.  This  was  done  to  en¬ 
able  traverse  data  to  be  taken  at  Plane  2  (which  is  17%  behind  the  first  stator)  and  at  Plane  3  (which 
is  36%  behind  the  rotor).  The  percentages  here  are  in  terms  of  airfoil  axial  chord.  Traverse  data  was 
also  taken  at  Plane  4  which  is  14%  behind  the  second  stator.  Inlet  traverse  documentation  was  done 
at  Plane  1  which  is  97%  upstream  of  the  first  stator  leading  edge. 

Downstream  of  the  test  section  the  flow  passes  through  an  annular  diffuser  into  a  centrifugal 
blower  and  is  discharged  from  the  rig.  A  vortex  valve  at  the  blower  inlet  controls  the  flow  rate.  The 
blower  can  provide  a  pressure  rise  of  up  to  21  inches  of  water.  This  enables  axial  velocities  in  the 
turbine  test  section  of  up  to  80  feet  per  second.  The  rotor  is  driven  or  braked  by  a  hydraulic  pump 
and  motor  system  which  is  capable  of  shaft  speeds  up  to  890  rpm. 

n.2  AERODYNAMIC  INSTRUMENTATION 

Aerodynamic  instrumentation  is  available  in  the  LSRR  for  making  both  steady-state  and 
high-response  measurements  of  aerodynamic  flow  parameters  including:  total  pressure,  static  pres¬ 
sure,  flow  velocity,  flow  direction,  and  temperature.  These  capabilities  exist  in  both  the  stationary 
and  rotating  fiames  of  reference.  The  stationary  frame  probe  traverse  mechanism  can  be  positioned 
at  selected  axial  planes.  This  traverse  mechanism  can  drive  a  probe  radially,  circumferentially,  and 
rotate  it  in  yaw.  A  separate  traverse  mechanism  for  the  rotating  frame  of  reference  is  mounted 
inside  the  hub.  This  traverse  can  also  drive  a  probe  radially,  circumferentially,  and  in  yaw. 
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A  dedicated,  on-line,  automatic,  data  acquisition  and  control  system  is  used  to  monitor  and 
control  the  experiment.  This  system  calibrates  all  transducers  (in  both  the  rotating  and  stationary 
frames),  monitors  the  turbine  flow  coefficient  (Cx/Um)  .  controls  probe  position,  and  acquires,  re¬ 
duces,  prints,  and  plots  the  data. 

All  of  the  traverse  and  rake  probes,  both  the  Kiel  probes  as  well  as  the  S-Hole  probe,  were 
standard  United  Sensor  products. 

The  instmmentation  in  the  LSRR  that  was  used  in  this  program  was  as  follows. 

Airfoil  static  pressure  and  trace  gas  sampling  sites  - 
22  locations  around  each  airfoil  perimeter  and  at 
7  spanwise  locations;  3,  12.5,  25,  50, 75,  87.5,  and  98%  span 

Hub  and  Tip  end  wall  trace  gas  sampling  sites  - 
»30  on  each  end  wall 

Rotor  leading  edge  trace  gas  sampling  rake  - 

17  elements  located  radially  in  the  rotor  leading  edge  plane 

Traverses  (5-Hole  probe  and  trace  gas  sampling)  - 

Plane  1  (Inlet,  97%  upstream  of  the  first  stator) 

Radial  traverse  at  4  circumferential  locations 

Plane  2  (17%  aft  of  the  first  stator) 

Radial/Circumferential  traverse  in  the  stationary  frame  from  5  to  95% 
span  over  2  first  stator  pitches  and,  a  17  element  rake  mounted  on  the 
rotor  hub  in  the  plane  of  the  rotor  leading  edge. 

Plane  3  (36%  aft  of  the  rotor) 

Radial/Ciicumferential  traverse  in  the  rotating  frame  from  5  to  95% 
span  over  2  rotor  pitches  and,  Radial/Circumferential  traverse  in  the 
stationary  frame  from  5  to  95%  span  over  2  first  stator  pitches 

Plane  4  (14%  aft  of  the  second  stator) 

Radial/Circumferential  traverse  in  the  stationary  frame  from  5  to  95% 
span  over  2  first  stator  pitches  (data  at  this  plane  was  averaged  over  2 
second  stator  pitches.) 

n.3  TRACE  GAS  INSTRUMENTATION 

The  LSRR  has  an  independent  system  to  measure  trace  gas  concentration.  Concentrations 
were  determined  by  drawing  a  gas  sample  through  either  a  conventional  surface  static  pressure  tap. 


8 


through  a  rake  in  the  flow,  or  through  a  traverse  probe  in  the  flow.  The  static  pressure  taps  were 
located  both  on  the  airfoils  and  on  the  end  walls.  Measurements  were  made  in  both  the  stationary 
and  rotating  frames  of  reference. 

Gas  samples  were  drawn  from  the  sampling  site  (tap,  rake  or  probe)  and  fed  into  a  gas  ana¬ 
lyzer.  Since  carbon  dioxide  was  used  as  the  trace  gas,  a  Beckman  Non-Dispersive  Infrared  (NDIR) 
analyzer  (Model  865)  was  used  to  measure  the  concentrations.  The  output  of  the  NDIR  was 
acquired,  recorded,  printed  and  plotted  by  its  own  dedicated  minicomputer.  This  computer  also 
calibrated  of  the  NDIR  using  a  series  of  calibration  gases.  The  accuracy  of  the  NDIR  was  5  ppm. 
Ambient  concentration  varied  between  300  and  500  ppm.  The  inlet  concentration  profile  varied 
from  ambient  near  the  end  walls  to  1(X)0  to  1500  ppm  above  ambient  at  its  maximum. 

This  trace  gas  measurement  technique  has  been  demonstrated  previously  in  the  LSRR  turbine 
model  in  studies  of  the  redistribution  of  (1)  an  axisymmetric  inlet  radial  profile  (Joslyn  and  Dring, 
[1988])  and  (2)  a  simulated  combustor  generated  hot-streak  (Butler  et  al.,  [1986]). 

The  measurement  sites  for  the  trace  gas  testing  were  the  same  as  those  for  the  aerodynamic 
testing.  They  are  summarized  at  the  end  of  Section  II.2. 

n.4.  DATA  PRESENTATION  FORMAT 

All  of  the  data  that  were  acquired  in  this  program  were  reduced  to  dimensionless  parameters. 
The  aerodynamic  pressure  data  were  reduced  to  a  pressure  coefficients  based  on  the  turbine  ini  n 
total  pressure  (PTOA)  and  adynamic  pressure  (Chjm)  based  on  the  midspan  wheel  speed  (Um)  •  The 
velocities  were  nondimensionalized  with  the  midspan  wheel  speed.  Flow  angles  were  measurec 
from  the  axial  direction.  “Circumferentially  averaged”  flow  angles  were  based  on  averaged  veloc¬ 
ity  components  rather  than  on  averaged  angles.  All  this  is  summarized  as  follows. 


Absolute  total  pressure. 

CPTABS  =  (PTOA  -  PTABS)/(3u, 

Relative  total  pressure. 

CPTREL  =  (PTOA  -  PTREL)/(Jur 

Rotary  total  pressure. 

CPTROT  =  (PTOA  -  PTROT)/(Ju, 

Static  pressure. 

CPS  =(PTOA-PS)/Qum 

Absolute  speed. 

C  =(C/Um) 

Relative  speed. 

W  =(W/U^ 

Axial  speed. 

CX  =  (CxAJm) 

Absolute  tangential  speed. 

CT  =  (CyU„) 

Relative  tangential  speed. 

WT  =  (WyUn,) 
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Area-average  of  any  quantity  “X”,  XAA  =  X““ 

Mass-average  of  any  quantity  “X”,  XMA  =  X“*" 

The  trace  gas  concentration  data  was  also  reduced  to  a  dimensionless  coefficient  based  on  the 
maximum  and  minimum  (ambient)  concentrations  at  the  turbine  inlet.  Plane  1. 

P  “  (C  —  Cjnin)/(Cinax  ~  C|nin) 


where  Cmm  Qnin  ^  Plane  1  and  where  Cnun=C,mb-  Thus,  throughout  the  turbine  the 
concentration  parameter  varied  between  0.0  and  1.0.  The  nominal  Cnua  was  based  on  the  average 
of  a  number  of  radial  surveys  at  the  turbine  inlet  plane.  Since  the  concentration  in  the  incoming 
flow  was  not  precisely  axisymmetric,  there  are  small  regions  in  the  flow  where  the  concentration 
parameter  exceeded  1.0. 

All  circumferential  averages  of  the  concentration  parameter  are  area-averages. 
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ffl.  TEST  CONDITIONS 


nil  NOMINAL  AERODYNAMIC  CONDITIONS 

Because  the  flow  in  the  LSRR  is  essentially  incompressible  (M  <  0.2)  there  is  only  one 
parameter  that  controls  the  velocity  triangles,  the  flow  coefficient,  Cx/Um  •  The  nominal  design 
value  of  the  flow  coefficient  for  the  turbine  model  is  0.78.  Although  the  turbine  has  been  operated 
over  a  wide  range  of  flow  coefficient  in  the  past  (Blair,  Dring  and  Joslyn,  1989b),  in  the  present 
program  all  of  the  data  were  acquired  at  the  nominal  design  value.  This  was  done  by  setting  the 
shaft  speed  to  410  rpm  and  the  axial  velocity  at  the  model  inlet  (Plane  1)  to  75  ftVsec.  At  these 
conditions,  the  Reynolds  numbers  for  the  three  airfoils  (based  on  axial  chord  and  midspan  exit  flow 
speed)  were  as  follows. 


First  Stator 

6.4x10* 

Rotor 

5.8x10* 

Second  Stator 

5.9x10* 

The  turbine  model  has  been  operated  in  the  past  with  different  levels  of  inlet  turbulence.  The 
nominal  inlet  turbulence  level  is  0.5%.  By  installing  a  turbulence  generating  grid,  values  as  high  as 
10%  have  been  produced  (Blair,  Dring  and  Joslyn,  1989b).  The  turbulence  generating  grid  was  not 
used  in  the  present  experiment  and  hence  the  inlet  turbulence  level  was  0.5%. 

The  hub  and  tip  boundary  layers  at  the  ttabine  inlet  (Plane  1)  were  characterized  as  follows. 


Plane  1  (97%  upstream  of  the  stator) 

Hub 

JJE 

Displacement  thickness  (%  span) 

0.9 

1.5 

Momentum  thickness  (%  span) 

0.7 

1.1 

Thickness  @  99%  free  stream  (%  span) 

5.5 

10.0 

in.2  INLET  TRACE  GAS  PROFILE 

The  inlet  trace  gas  profile  was  generated  with  an  array  of  five  concentric  injector  rings  located 
in  a  plane  63  inches  upstream  of  the  first  stator  leading  edge.  The  center  body  ended  24  inches 
upstream  of  the  leading  edge  and  hence  the  flow  velocity  around  the  injector  rings  was  very  low. 
The  rings  were  located  far  enough  upstream  of  the  first  stator  (approximately  13  chords)  such  that 
their  wakes  were  completely  mixed  out  at  the  inlet  traverse  plane  (Plane  1).  The  3:1  flow  area 
contraction  between  the  rings  and  Plane  1  (due  to  the  0.8  hub/tip  ratio)  also  contributed  to  the 
absence  of  the  ring  wakes. 

The  injector  rings  were  fabricated  from  stainless  steel  tubes  0.5  inches  in  diameter.  This  was 
large  enough  such  the  static  pressure  in  the  rings  was  constant  circumferentially.  Around  the  cir¬ 
cumference  of  each  ring  144  miniature  brass  nozzle  inserts,  0.020  inches  in  diameter,  were  uni¬ 
formly  distributed. 
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Trace  gas  (carbon  dioxide)  was  injected  into  the  flow  simultaneously  through  all  five  rings. 
By  independently  controlling  the  flow  to  each  ring  the  radial  trace  gas  concentration  profile  at  Plane 
1  could  be  tailored  to  simulate  any  number  of  combustor  exit  (turbine  inlet)  temperature  profiles. 
The  profile  used  in  this  program  was  lowest  at  the  hub  and  tip  (i.e.,  ambient  concentration,  »  400 
ppm)  and  had  its  maximum  near  60%  span  (typically  1200  ppm  above  ambient).  This  type  of  pro¬ 
file  was  typical  of  a  wide  range  of  engine  applications. 

The  single  major  problem  in  this  approach  was  in  achieving  an  acceptable  degree  of  axisym- 
metry  in  the  inlet  trace  gas  profile  (at  Plane  1).  This  problem  was  aggravated  by  small  differences  in 
the  size  of  the  720  holes  in  the  injector  rings  and  by  minuscule  distortions  in  the  flow  over  the  rings. 
The  problem  was  further  complicated  by  the  fact  that  while  a  large  number  of  inlet  surveys  would 
be  needed  to  exhaustively  document  the  inlet  concentration  distribution,  practicality  limited  us  to  a 
relatively  small  number.  In  this  program  surveys  in  Plane  1  were  carried  out  at  4  circumferential 
locations.  It  will  be  shown  in  the  discussion  of  the  results  that  follows  that  a  reasonably  axisym- 
metric  distribution  was  achieved. 
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IV.  COMPUTATIONAL  PREDICTION 


The  data  collected  in  this  program  was  used  as  a  basis  for  assessing  the  computational  predic¬ 
tion  by  Rai  (1987)  of  the  flow  through  the  first  stage  (stator  and  rotor).  The  prediction  is  based  on  a 
three-dimensional,  unsteady,  thin-layer  Navier-Stokes  code.  Although  the  code  was  time- 
accurate,  the  assessment  was  limited  to  time-averaged  results.  The  code  used  patched  and  overlaid 
grids  that  moved  relative  to  each  other  to  simulate  the  relative  motion  of  the  stators  and  rotors.  The 
turbulence  model  was  a  modified  Baldwin-Lomax  model  (Baldwin  and  Lomax,  1978,  and  Hung 
and  Buning,  1985).  The  hub  and  tip  boundary  layers  as  well  as  the  flow  through  the  rotor  tip  clear¬ 
ance  gap  were  all  modeled  in  the  calculation. 

Although  the  code  (Rai,  1987)  was  run  at  the  actual  Mach  and  Reynolds  numbers  of  the  ex¬ 
periment,  there  were  a  number  of  geometric  differences.  Since  there  were  22  first  stator  airfoils  and 
28  rotor  airfoils  in  the  mrbine  model,  complete  geometric  similarity,  i.e.,  the  same  airfoil  count 
ratio,  would  have  required  a  calculation  with  25  airfoils  ([22  4-  28]/2).  In  order  to  reduce  the  compu¬ 
tation  time  the  rotor  chord  and  pitch  were  both  increased  by  a  factor  of  ([14/11]  =  1.273).  This 
permitted  a  calculation  with  only  2  airfoils.  The  major  impact  of  this  approximaticm  was  to  reduce 
the  rotor  aspect  ratio  (span/axial  chord)  by  a  factor  of  1.273  from  0.95  in  the  experiment  to  0.74  in 
the  calculation.  This  reduction  tended  to  cause  an  increase  in  the  extent  of  the  predicted  rotor 
secondary  flows. 

In  addition,  the  calculation  was  run  with  a  15%  axial  gap  between  the  stator  and  the  rotor.  This 
gap  was  chosen  in  order  to  duplicate  that  of  the  rotor/stator  interaction  experiment  carried  out  by 
Dring  et  al.  (1981).  Keep  in  mind,  however,  that  the  axial  gap  in  the  present  experiment  was  50% 
(see  Fig.  II-3).  This,  and  other  earlier  works  (Blair,  Dring  and  Joslyn  [ 1 989a  &  1 989b])  have  shown 
that  axial  gap  has  no  significant  impact  on  either  the  time-averaged  pressure  distributions  or  the 
time-averaged  heat  transfer  coefficients  on  the  stator  or  the  rotor.  This  does  not  mean,  however, 
that  the  secondary  flow  and  other  viscous  mechanisms  are  unaffected  by  the  stator/rotor  axial  gap. 

The  final  geometric  difference  was  that  while  the  rotor  tip  clearance  in  the  experiment  was 
1 .0%  of  span,  the  clearance  in  the  calculation  was  0.4%  of  span.  Because  of  these  differences  in  the 
rotor  aspect  ratio  and  tip  clearance,  the  present  assessment  was  limited  to  the  stator  flow.  It  was  felt 
that  the  small  rotor  aspect  ratio  in  the  computation  would  have  resulted  in  umealistically  strong 
secondary  flow  and  that  the  small  tip  clearance  would  have  resulted  in  an  unrealistically  weak  leak¬ 
age  flow. 

An  improved  version  of  the  code  has  been  presented  by  Madavan  et  al.  (1989).  This  version 
had  a  finer  grid  (twice  as  many  grid  surfaces  in  the  spanwise  direction)  and  had  been  applied  to  the 
same  turbine  but  with  the  rotor  aspect  ratio  held  at  0.95  and  the  stator  aspect  ratio  reduced  by  the 
factor  of  1 .273  from  1 .01  to  0.79.  Generally  speaking,  the  two  calculations  were  in  good  agreement 
but  the  fine  grid  calculation  gave  better  results  in  the  regions  near  the  airfoil  and  end  wall  surfaces. 
This  calculation,  however,  also  had  the  small  rotor  tip  clearance  used  by  Rai,  1987  (0.4%  of  span  vs. 
1.0%  in  the  experiment). 
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It  is  anticipated  (Rai,  1989a)  that  a  calculation  will  soon  be  carried  out  in  which  the  rotor 
aspect  ratio,  the  rotor  tip  clearance,  and  the  stator-rotor  axial  gap  are  equal  to  the  experimental 
values.  A  comparison  of  the  computational  and  experimental  results  for  the  flow  over  the  rotor  will 
be  carried  out  at  that  time. 

A  number  of  final  comments  regaixling  the  code  are  as  follows.  Earlier  predictions  with  a 
two-dimensional  version  of  the  code  for  both  the  steady  and  unsteady  airfoil  static  pressures  at 
midspan  were  in  good  agreement  with  experimental  data  (Rai,  1987).  Improvements  in  the  two- 
dimensional  version  of  the  code  to  account  for  airfoil  count  ratios  other  than  unity  were  shown  to 
give  even  better  results  (Rai  and  Madavan,  1988).  Although  limited  to  an  airfoil  count  ratio  of 
unity,  the  three-dimensional  versions  of  the  code  gave  a  similar  good  prediction  of  the  unsteady 
airfoil  static  pressures  at  midspan. 

The  present  assessment  was  carried  out  by  comparing  the  experimental  results  with  the  time 
averages  of  the  computed  results  presented  by  Rai  (1987).  Dr.  Rai  provided  the  time-averaged 
stator  and  rotor  pressure  distributions  and  the  airfoil  and  end  wall  limiting  streamlines.  Dr.  Rai  also 
provided  the  time-averaged  values  of  the  components  of  the  velocity  vectors  and  the  time-aver¬ 
aged  static  pressure. 

Time-averaged  computed  results  in  the  absolute  frame  were  provided  at  a  plane  9%  down¬ 
stream  of  the  stator  trailing  edge,  versus  17%  in  the  experiment  (Fig.  n-3).  Absolute,  relative,  and 
rotary  total  pressures  were  calculated  from  these  results.  Comparisons  with  the  rotor  results  will 
await  the  availability  of  computed  results  for  the  correct  rotor  aspect  ratio,  tip  clearance,  and  axial 
gap. 


The  computed  results  were  presented  using  the  same  plotting  format  that  was  used  for  the 
experimental  results.  However,  the  points  plotted  were  the  computational  grid  points  instead  of  the 
traverse  measurement  locations. 

Generally  speaking,  the  agreement  between  the  results  computed  by  Rai  (1987)  and  the 
experimental  results  was  extremely  encouraging.  Most  of  the  physical  mechanisms  seen  in  the 
experiment  were  also  evident  in  the  computation.  While  the  qualitative  agreement  was  excellent 
the  quanitative  agreement  varied.  In  the  section  that  follows,  the  measured  and  computed  results 
will  be  presented  and  discussed  together. 
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V.  MEASURED  RESULTS  AND  COMPUTATIONAL  ASSESSMENT 


The  discussion  of  the  measured  results  and  the  assessment  of  the  computation  (Rai,  1987)  will 
be  done  simultaneously  and  in  the  following  order. 

Aerodynamics  Results: 

—  Surface  limiting  streamlines 
—  Airfoil  pressure  distributions 
—  Aerodynamic  traverse  results 

Trace  Gas  Results: 

—  First  stator 
—  Rotor 
—  Second  stator 

Since  the  discussion  is  related  closely  to  the  figures,  the  text  will  be  tied  to  each  flgure  being 
discussed  by  a  heading.  The  purpose  of  this  is  to  improve  cross-referencing  between  the  text  and 
the  figures. 

V.l  AERODYNAMICS  RESULTS 
V.l.a  Surface  Streamlines 

Figs.  V-1  through  V-4 

The  flrst  comparisons  between  the  measured  and  computed  results  were  based  on  the  surface 
streamlines.  This  comparison  was  made  first  since  these  patterns  very  quickly  give  a  clear  impres¬ 
sion  of  the  three-dimensional  nature  of  the  flow  through  the  turbine.  The  experimental  results 
(Figs.  V-1  through  V-3)  were  obtained  by  bonding  Ozalid  paper  to  the  airfoil  and  end  wall  surfaces 
and  then  flowing  a  small  amount  of  gaseous  ammonia  back  through  the  surface  static  pressure  taps. 
The  ammonia  reacted  with  the  paper  leaving  permanent  blue  streaks.  In  some  cases  the  ammonia 
was  introduced  through  a  fine  hypodermic  tube  in  the  flow.  The  computed  results  (Fig.  V-4)  were 
generated  by  tracking  particles  as  they  were  convected  (in  the  time-averaged  flow)  along  the  com¬ 
putational  grid  siuface  closest  to  the  airfoil  or  end  wall. 

The  flow  visualization  on  the  suction  surfaces  of  the  first  and  second  stators  and  on  the  pres- 
siue  surface  of  the  rotor  is  shown  in  Fig.  V-1.  The  hub  end  wall  flow  visualization  is  also  shown. 
This  photograph  was  constructed  by  making  a  model  of  the  turbine  and  bonding  the  exposed  Ozalid 
paper  to  it.  In  a  similar  manner,  the  flow  visualization  on  the  pressure  surfaces  of  the  first  and 
second  stators  and  on  the  suction  surface  of  the  rotor  is  shown  in  Fig.  V-2.  The  tip  end  wall  flow 
visualization  for  the  first  and  second  stators  is  shown  in  Fig.  V-3.  For  the  sake  of  clarity  arrows 
have  been  added  to  the  streaks  on  the  Ozalid  paper. 
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The  measured  and  computed  results  were  in  rather  good  agreement  on  the  first  stator.  They 
indicated  a  midspan  region  which  was  very  nearly  two-dimensional  on  both  the  suction  and  pres¬ 
sure  surfaces.  The  hub  and  tip  secondary  flows  were  clearly  apparent  near  the  end  walls  on  the 
airfoil  suction  surface,  with  that  at  the  tip  being  the  stronger  of  the  two.  The  hub  and  tip  end  wall 
results  showed  the  over-turning  due  to  secondary  flow.  Horseshoe  vortices  at  the  hub  and  tip  lead¬ 
ing  edges  were  evident  near  the  end  walls  on  the  forward  portion  of  the  airfoil  pressure  surface  as 
well  as  on  the  end  walls  themselves. 

The  difference  between  the  rotor  aspect  ratio  used  in  the  experiment  (0.95)  and  in  the  compu¬ 
tation  (0.74)  caused  the  measured  and  computed  results  to  differ  quantitatively  (but  not  qualita¬ 
tively).  In  particular,  the  lower  aspect  ratio  in  the  calculation  caused  the  secondary  flows  on  the 
suction  surface  to  be  stronger  than  in  the  experm^nt  In  the  calculation  the  hub  and  tip  secondary 
flows  merged  at  67%  span  whereas  in  the  experiment  they  merged  at  about  55%  span.  This  may 
also  have  been  due  in  part  to  the  small  rotor  tip  clearance  used  in  the  calculation  (0.4%  versus 
1.0%). 

The  dominant  feature  on  the  rotor  pressure  surface  was  the  radial  flow  toward  the  tip  due  to  the 
relative  eddy.  This  is  an  inviscid  mechanism  due  to  the  relative  vorticity  in  the  rotating  frame  of 
reference.  Its  effect  was  strongest  on  the  forward  portion  of  the  pressure  surface  because  the  surface 
flow  speed  was  lowest  there  (Dring  and  Joslyn,  1983).  The  surface  streamlines  turned  away  from 
the  radial  direction  as  the  flow  accelerated  toward  the  trailing  edge.  The  hub  end  wall  flow  showed 
the  strong  over-turning  due  to  secondary  flow. 

The  surface  flow  on  the  second  stator  was  similar  to  that  on  the  first  stator.  This  was  true  in 
spite  of  the  fact  that  this  stator  was  geometrically  far  mote  similar  to  the  rotor.  The  midspan  region 
on  both  the  suction  and  pressure  surfaces  was  relatively  two-dimensional.  The  region  influenced 
by  the  tip  secondary  flow  was  much  larger  than  that  influenced  by  the  hub  secondary  flow.  This 
aspect  of  the  similarity  was  due  to  the  fact  that  both  stators  had  a  large  exit  swirl  and  hence  a  strong 
radial  static  pressure  gradient.  This  gradient  tended  to  drive  low  total  pressure  fluid,  such  as  that  in 
the  secondary  flow  vortices,  inward  toward  the  hub.  The  absence  of  radial  flow  on  the  pressiue 
surface  was  due  to  the  stator  being  in  the  stationary  frame  of  reference  and  hence  having  no  relative 
eddy.  The  flow  on  the  hub  end  wall  showed  clear  evidence  of  over-turning  due  to  secondary  flow, 
and  also  the  presence  of  a  leading  edge  horseshoe  vortex. 

V.l.b  Airfoil  Pressure  Distributions 

Fig.  V-5 

The  midspan  static  pressures  for  the  three  turbine  airfoils  are  shown  in  Fig.  V-5.  All  three 
airfoils  are  included  here  but  the  axial  gaps  between  them  are  not  drawn  to  scale.  Also  included  in 
the  figure  are  the  absolute  and  relative  total  pressures  and  the  static  pressures  in  the  axial  gaps 
between  adjacent  airfoil  rows.  These  were  obtained  from  the  traverse  results  acquired  downstream 
of  each  airfoil  row  at  midspan. 
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These  results  show  the  drop  in  the  static  and  total  presstires  across  each  row  and  across  the 
turbine.  It  can  also  be  seen  that  in  spite  of  the  generally  favorable  static  pressure  gradients,  there  are 
also  strongly  adverse  pressure  gradient  regions  on  the  suction  surface  of  each  airfoil. 

Fig.  V-6 

Comparisons  of  the  measured  and  computed  results  for  the  first  stage  stator  and  rotor  are 
shown  in  Fig.  V-6  for  the  2%,  50%  and  98%  span  locations.  The  curves  are  the  time-averaged 
computed  results  and  the  symbols  are  the  measured  results. 

The  measured  rotor  pressure  distribution  data  are  shown  as  pairs  of  symbols  at  the  2%  and 
50%  span  locations.  These  two  symbols  represent  the  range  of  the  measurements  that  have  been 
taken  on  the  rotor  during  the  various  experiments  that  have  been  conducted  between  1977  and  1988. 
A  similar  comparison  for  the  first  stator  showed  that  the  range  of  meastirements  for  this  airfoil  was 
within  the  size  of  the  symbols. 

The  computed  results  for  the  stator  and  rotor  are  by  Rai  (1987).  This  comparison  was  made  in 
spite  of  the  fact  that  the  rotor  aspect  ratio  in  the  computation  was  low  (by  the  factor  of  1 1/14)  and  in 
spite  of  the  fact  that  the  dp  clearance  was  too  small  (0.4%  vs.  1 .0%  span).  The  results  by  Madavan 
et  al.  (1989),  however,  showed  that  the  impact  of  the  rotor  aspect  ratio  on  the  rotor  pressure  distri¬ 
butions  was  relatively  small.  The  same  can  not  necessarily  be  said  for  the  effect  of  rotor  tip  clear¬ 
ance,  especially  at  the  98%  span  location.  This  question  remains  to  be  answered  (Rai,  1989a). 

In  general,  the  agreement  between  the  measured  and  computed  pressure  distribution  results 
was  excellent.  For  the  stator  the  agreement  was  excellent  from  hub  to  tip.  For  the  rotor  the  agree¬ 
ment  at  the  hub  was  reasonably  good  and  the  results  of  Madavan  et  al.  (1989)  show  that  the  suction 
surface  agreement  gets  better  when  the  correct  aspect  ratio  (and  a  finer  computational  grid)  were 
used.  At  the  rotor  midspan  agreement  was  excellent  At  the  tip,  however,  there  was  a  difference 
between  the  measured  and  computed  results  on  the  aft  portion  of  the  rotor  suction  surface.  This 
discrepancy  may  well  have  been  due  to  the  small  tip  clearance  used  in  the  Rai  (1987)  calculation. 

Fig.  V-7 

Since  the  calculations  by  Rai  (1987)  and  Madavan  et  al.  (1989)  included  only  the  first  stage 
stator  and  rotor,  the  measured  pressure  distributions  for  the  second  stator  were  compared  with  the 
two-dimensional  potential  flow  analysis  by  Caspar  et  al.  (1980).  It  should  be  noted,  however,  that 
this  calculation  included  the  effects  of  total  pressure  loss  and  streamtube  contraction.  The  symbols 
in  Fig.  V-7  represent  the  measured  results  and  the  curves  represent  the  computed  results.  The  aero¬ 
dynamic  input  to  the  to  the  potential  flow  analysis  included  the  inlet  and  exit  flow  angles,  the  stream 
tube  contraction,  and  the  total  pressure  loss  (or  gain).  All  of  this  input  was  calculated  from  the 
circumferentially  averaged  traverse  data  at  the  appropriate  span  location.  This  approach  does  not 
account  for  the  fact  that  there  was  significant  radial  transport  upstream  of,  within,  and  downstream 
of  the  airfoil. 


The  agreement  between  the  measured  and  computed  results  for  the  second  stator  (Fig.  V-7) 
was  reasonably  good,  especially  on  the  pressure  surface.  The  measured  and  computed  results  on 
the  suction  surface  showed  the  same  trend  of  the  minimum  pressure  moving  forward  from  the  hub 
(2%  span)  to  the  tip  (98%  span).  The  suction  surface  results  at  the  tip  suggested  that  the  second 
stator  was  operating  with  a  less  positive  incidence  than  that  which  was  calculated  from  the  rotor  exit 
traverse  data.  The  rotor  exit  traverse  data  (Fig.  V-9k)  showed  some  very  strong  gradients  in  abso¬ 
lute  flow  angle  due  to  the  rotor  tip  leakage  in  this  region.  Thus  there  was  a  strong  likelihood  that  the 
actual  stator  incidence  was  significandy  different  than  that  used  in  the  calculation. 

This  completes  the  discussion  of  the  measured  and  computed  pressure  distribution  results.  In 
general  the  agreement  was  good  but  it  was  shown  that  radial  mixing  can  have  a  significant  impact 
on  the  affective  incidence  an  airfoil  responds  to.  The  surface  streamlines  as  well  as  the  airfoil  pres¬ 
sure  distributions  indicated  that  all  three  rows  of  airfoils  were  firee  of  any  significant  boundary  layer 
separation. 

V.lx  Traverse  Results 

The  contour  plots  of  the  various  measured  and  computed  (Rai,  1987)  quantities  were  based  on 
the  same  plotting  routine.  In  order  to  get  a  feeling  for  the  number  of  points  (both  measured  and 
computed)  that  went  into  these  plots,  the  individual  points  were  plotted  in  the  secondary  flow  vector 
plots  (Fig.  V-8i).  The  measurement  locations  were  especially  dense  in  the  regions  where  the  gradi¬ 
ents  were,  strong,  i.e.,  in  the  wakes  and  near  the  end  walls.  Note  that,  in  order  to  demonstrate  perio¬ 
dicity,  the  measurements  were  taken  over  two  first  stator  pitches.  For  the  sake  of  clarity  a  large 
number  of  radial  grid  locations  near  the  end  walls  have  been  deleted  in  the  computed  figure. 
Although  the  computation  was  over  one  first  stator  pitch,  it  has  been  repeated  over  a  second  pitch  in 
order  to  be  geometrically  similar  to  the  measured  data. 

Both  the  measiued  and  the  computed  results  have  been  plotted  with  the  same  increments  be¬ 
tween  contours,  as  follows. 


Quantity 

Contour  In 

CPTABS 

0.10 

CTTROT 

0.10 

CPS 

0.10 

(cyum) 

0.05 

(WAJm) 

0.05 

The  measured  and  computed  results  were  also  plotted  together  in  terms  of  the  spanwise  distri¬ 
butions  of  their  circumferential  averages.  Two  circumferential  averages  were  used  in  these  com¬ 
parisons  depending  on  the  specific  quantity  being  averaged.  The  two  averages  were  the 
area-average  and  the  mass-average.  They  are  defined  as  follows. 


18 


Area-average  of  a  quantity,  “F’: 


F-a  =  FAA  = 


f  F  dy/ 


dy 


Mass-average  of  a  quantity,  “F’: 

r  T 

F”  =  FMA  =  J  FeQ  dy/  [  pC,dy 

o  o 

The  choice  of  which  average  was  used  was  based  on  through  flow  analysis  considerations 
(Dring  and  Oates,  1989a  and  1989b).  The  particular  average  used  for  each  quantity  is  summarized 
below. 


Quamitx  Area  Avp.  (AA)  or  Mass  Ave.  (MAI 


CPTABS  MA 

CPTROT  MA 

CPS  AA 

(CX/UM)  AA 


Absolute  and  relative  flow  angles  were  also  calculated  based  on  the  way  they  would  be  used  in 
a  through  flow  calculation,  i.e.,  as  the  arctangent  of  the  ratio  of  the  area-averaged  tangential  and 
axial  velocity  components  (CTAA  or  WTAA  and  CXAA).  The  absolute  and  relative  flow  angles 
were  calculated  as  follows. 


a  =  Arctan  (CTAA/CXAA) 

P  =  Arctan  (WTAA/CXAA) 

Finally,  in  the  plots  of  the  secondary  flow  velocity  vectors,  the  length  of  the  arrows  was  pro¬ 
portional  the  the  secondary  flow  speed.  The  same  proportionality  factor  was  used  for  both  the 
measured  and  computed  results.  The  secondary  flow  vectors  represent  the  total  velocity  vector 
viewed  from  a  particular  direction.  This  viewing  direction  was  on  a  cylindrical  surface  and  in  the 
yaw  direction  corresponding  to  the  averaged  flow  angle  at  a  particular  radius.  In  general  this  aver¬ 
aged  yaw  angle  was  calculated  at  midspan  (50%  span),  however,  in  one  case  it  was  calculated  at 
90%  span  in  order  to  show  the  rotor  tip  leakage  vortex  more  clearly. 


19 


Fig.  V-8a 


Total  pressure  contours  at  Plane  2  in  the  flow  downstream  of  the  first  stator  were  shown  in  Fig. 
V-8a.  The  measured  results  were  for  a  location  17%  aft  of  the  trailing  edge  and  the  computed 
results  (Rai,  1987)  were  for  a  plane  9%  aft  (see  Fig.  II-3).  Both  sets  of  results  were  for  airfoils  with 
the  same  aspect  ratio. 

The  measured  and  computed  results  were  in  excellent  qualitative  agreement.  Both  show  the 
migration  toward  the  hub  of  the  low  total  pressure  hub  and  tip  secondary  flow  regions.  The  meas¬ 
ured  and  computed  low  total  pressure  regions  were  also  close  in  terms  of  the  local  loss.  Both  results 
have  a  maximum  local  loss  of  about  l.S  for  the  tip  secondary  flow  (near  65%  span)  and  2.5  for  the 
hub  secondary  flow  (near  13%  span).  The  measured  results  indicated  a  thicker  end  wall  boundary 
layer  at  the  tip  than  at  the  hub.  This  was  due  in  part  to  the  thicker  inlet  (Plane  1)  boundary  layer  at 
the  tip  (see  Section  m.  1).  The  computed  end  wall  boundary  layers  were  thin  because  they  started  at 
Plane  1. 

Fig.  V-8b 

The  computed  results  in  Fig.  V-8a  in  general  have  not  captured  the  magnitudes  of  the  local 
gradients.  This  is  due  the  coarseness  of  the  grids  used.  The  significant  improvement  that  Madavan 
et  al.  (1989)  were  able  to  obtain  with  a  finer  grid  confirms  this.  The  problem  was  clearest  at 
midspan.  The  circumferential  variation  of  the  midspan  results  in  Fig.V-8a  was  shown  in  Fig. 
V-8b.  This  plot  included  both  the  inlet  total  pressure  at  Plane  1  (CPTABS  =  0)  as  well  as  the  total 
and  static  pressures  at  the  stator  exit  (Plane  2). 

The  computed  static  pressure  distribution  had  a  much  greater  variation  than  the  measiued  dis¬ 
tribution.  This  was  primarily  due  to  the  fact  that  while  the  measurement  plane  was  17%  aft  of  the 
stator  the  computational  plane  was  only  9%  aft  (see  Fig.  11-3). 

The  measured  total  pressure  profile  in  Fig.  V-8b  was  not  only  very  periodic,  but  it  also  showed 
that  the  total  pressure  in  the  potential  flow  region  between  the  wakes  was  equal  to  the  inlet  value  (as 
expected).  While  the  depth  of  the  computed  wake  was  similar  to  the  measured  value,  it  was 
approximately  twice  as  wide.  In  addition,  in  the  region  between  wakes  there  were  small  positive 
and  negative  differences  between  the  computed  total  pressure  and  the  inlet  value.  The  reason  for 
these  small  differences  is  not  clear  at  this  time.  It  was  felt  that  they  may  be  due  in  part  to  the  fact  that 
the  total  pressure  was  computed  fiom  the  time-averaged  static  pressure  and  velocity  components. 
A  truly  time  averaged  total  pressure  might  behave  differently,  however,  it  might  still  have  this 
behavior  due  to  the  unsteadiness  in  the  flow. 

Fig.  V-8c 

The  mass  averaged  total  pressure  loss  (APT/QUm)  at  midspan  for  the  measured  first  stator 
wakes  shown  in  Fig.  V-8b  was  0. 14.  A  boundary  layer  analysis  (Edwards  et  al.  [1981],  and  Clatter 
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et  al.  [1982])  using  the  turbulent  mixing  model  by  Cebeci  and  Smith  (1974)  was  carried  out  based 
on  the  computed  stator  pressure  distribution  (Fig.  V-6b)  and  on  the  wake-mixing  analysis  of 
Stewart  (1959).  This  analysis  gave  a  total  pressure  loss  of  0.12  (vs.  0.14).  The  fact  that  the  meas¬ 
ured  value  was  higher  may  be  a  result  of  several  things.  It  was  seen  in  the  surface  flow  patterns 
(Figs.  V-1  through  V-4)  and  in  the  total  pressure  contour  plot  (Fig.  V-8a)  that  the  stator  tip  secon¬ 
dary  flow  had  penetrated  inward  to  the  midspan  region.  This  could  also  be  seen  in  the  secondary 
flow  vector  plot  for  this  plane  (Fig.  V-8i).  The  gradient  in  stator  loss  from  hub  to  tip  could  be  seen 
in  Fig.  V-8c.  This  figiu^  shows  the  hub-to-tip  variation  of  the  measured  and  computed  mass-aver¬ 
aged  total  pressure  aft  of  the  first  stator.  It  was  interesting  to  note  that  the  measured  loss  between 
23%  and  40%  span  agreed  closely  with  the  value  of  0.12  predicted  at  midspan. 

It  was  known  from  heat  transfer  measurements  made  on  this  stator  (Blair  et  al.,  1989a)  that  for 
the  present  low  turbulence  (0.5%)  inlet  conditions,  the  stator  boundary  layer  was  laminar  up  to  the 
minimum  pressure,  where  a  rapid  transition  to  turbulent  flow  occurred.  A  boundary  layer  analysis 
simulating  this  situation  was  carried  out  using  the  code  by  Edwards  et  al.  (1981)  and  Carter  et  al. 
(1982),  and  the  transitional  mixing  model  by  McDonald  and  Kreskovsky  (1974).  A  free-stream 
turbulence  of  10%  was  needed  for  the  prediction  to  match  the  transitional  behavior  of  the  measured 
heat  transfer  data  (Blair  et  al.,  1989b,  see  Fig.  9a).  This  approach  predicted  a  loss  which  was  30% 
smaller  than  the  fully  turbulent  prediction  (0.083  vs.  0.12).  This  suggested  that  there  was  no  loca¬ 
tion  in  the  wake  of  this  stator  where  the  flow  (or  the  loss)  was  purely  two  dimensional. 

The  mass  averaged  total  pressure  loss  (APT/QUm)  at  midspan  was  0.26  for  the  computed  first 
stator  wake  shown  in  Fig.  V-8b.  This  large  value  was  primarily  due  to  the  unsteadiness  and  three 
dimensionality  of  the  flow  and  to  the  coarseness  of  the  outer  computational  grid.  A  calculation  was 
carried  out  for  purely  two-dimensional  turbulent  flow  around  the  midspan  section  of  the  stator  (Rai, 
1989b).  This  calculation  employed  a  much  finer  outer  computational  grid  than  the  three- 
dimensional  calculation  (Rai,  1987).  Using  this  refined  outer  grid,  the  mass  averaged  total  pressure 
loss  was  predicted  to  be  0.13  (see  Fig.  V-8c).  This  was  close  to  the  value  of  0.12  predicted  by  the 
turbulent  boundary  layer  analysis. 

Since  the  absolute  total  pressure  in  the  flow  entering  the  stator  was  at  a  CPTABS  of  0.0,  Fig. 
V-8c  is  a  direct  measure  of  the  total  pressure  loss  across  the  stator.  Recall  that  the  displacement  and 
momentum  thicknesses  of  the  hub  and  tip  inlet  boundary  layers  were  on  the  order  of  1  %  of  span  (see 
Section  in-1).  As  far  as  the  spanwise  trends  were  concerned.  Fig.  V-8c  showed  that  all  of  the 
maxima  and  minima  caused  by  the  hub  and  tip  secondary  flows  in  the  measured  results  were  also 
present  in  the  computation.  The  sensitivity  of  the  computed  results  at  midspan  to  grid  refinement 
suggested  that  the  quantitative  agreement  of  the  spanwise  distribution  could  be  improved  signifi¬ 
cantly  by  grid  refinement.  It  should  be  pointed  out,  however,  that  the  that  the  spanwise  integrated 
loss  from  the  experimental  results  exceeded  that  of  the  computed  results  by  roughly  15%.  One 
possible  reason  for  this  difference  might  be  that  the  calculation  began  one  chord  upstream  of  the 
stator  with  no  end  wall  boundary  layers. 
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Fig.  V^d 


The  measured  and  computed  static  pressure  fields  downstream  of  the  stator  are  shown  in  Fig. 
V-8d.  The  two  were  very  similar  both  in  terms  of  distribution  and  level.  The  somewhat  stronger 
circumferential  variations  in  the  computed  results  were  due  to  the  fact  that  the  computed  results 
were  from  a  plane  located  closer  to  the  stator  trailing  edge  than  the  measured  results  (Fig.  11-3).  It 
might  also  be  due  to  the  coarseness  of  the  computational  grid. 

Fig.  V-8e 

The  excellent  agreement  between  the  measured  and  computed  static  pressure  results  could 
also  be  seen  in  the  spanwise  distribution  of  their  circumferential  area-averages  (Fig.  V-8e).  The 
slight  difference  in  the  slopes  may  also  be  due  to  the  different  plane  locations  of  the  measured  and 
computed  results.  This  figure  shows  the  high  density  of  the  computational  grid  near  the  end  walls. 

Fig.  V-8f 

The  measured  and  computed  results  are  presented  in  Fig.  V-8f  in  terms  of  rotary  total  pres¬ 
sure. 


PTROT  =  PTREL  -QU 

In  the  rotating  frame  of  reference  this  parameter  is  the  kinematic  equivalent  of  absolute  total  pres¬ 
sure  in  the  stationary  frame  of  reference.  Just  as  a  gradient  in  absolute  total  pressure  is  required  to 
generate  a  secondary  flow  in  the  stationary  ftame  of  reference,  a  gradient  in  rotary  (not  relative) 
total  pressure  is  required  to  generate  a  secondary  flow  in  the  rotating  frame  of  reference 
(Hawthorne,  1974).  The  most  disturbing  feature  in  this  otherwise  excellent  comparison  was  the 
circumferential  gradients  in  the  region  between  the  wakes  in  the  computed  results.  The  measured 
results  showed  a  very  nearly  axisymmetric  distribution  in  this  area.  Admittedly,  however,  the  com¬ 
puted  gradients  were  rather  weak. 

Fig.  V-8g 

The  rotary  total  pressure  was  circumferentially  mass-averaged  and  the  measured  and  com¬ 
puted  results  are  presented  in  Fig.  V-8g.  The  computed  results  had  a  slightly  stronger  gradient  in 
the  midspan  region  but,  in  general,  the  strong  gradients  were  limited  to  the  end  wall  regions.  It 
could  thus  be  anticipated  that  that  there  would  be  little  or  no  gradient-driven  secondary  flow  in  the 
midspan  region  of  the  rotor.  Parenthetically,  the  secondary  flow  due  to  the  “relative  eddy”  is  not 
gradient-driven.  It  is  driven  by  the  axial  component  of  vorticity  due  to  the  rotating  frame  of  refer¬ 
ence  (Dring  and  Joslyn,  1983).  It  is  the  relative  eddy  that  gave  rise  to  the  the  radial  flow  toward  the 
tip  on  the  rotor  pressure  surface  (Figs.  V-1  and  V-4a). 
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Fig.  V-«h 


Since  the  comparison  between  the  measured  and  computed  static  pressure  fields  was  so  good 
(Fig.  V-8d  and  e),  it  was  not  surprising  that  the  distributions  of  absolute  flow  speed  were  also  good 
(Rg.  V-8g).  The  circumferential  gradients  were  stronger  in  the  computed  speed  for  the  same 
reason  they  were  in  the  computed  static  pressure  (i.e.,  being  closer  to  the  stator  trailing  edge). 

Fig.  V-8i 

The  measured  and  computed  secondary  flow  vectors  downstream  of  the  first  stator  are  shown 
in  Fig.  V-8i.  The  radial  component  of  each  vector  was  proportional  to  the  radial  velocity  compo¬ 
nent.  The  tangential  component  of  each  vector  was  proportional  to  the  difference  between  the 
actual  tangential  velocity  component  and  the  tangential  velocity  component  corresponding  to  the 
actual  axial  velocity  component  and  the  area  averaged  yaw  angle  at  midspan.  This  corresponds  to 
looking  upstream  at  the  velocity  vectors  from  the  direction  of  the  averaged  yaw  angle  at  midspan. 

In  the  measured  results  each  vector  represents  a  measurement  location.  It  can  be  seen  that  the 
data  density  was  highest  in  the  airfoil  wakes  and  near  the  end  walls.  In  the  computed  results  each 
vector  represented  a  grid  point  location.  It  can  be  seen  that  the  data  density  was  highest  near  the  end 
walls  and  that  it  was  relatively  sparse  in  the  midspan  region.  Not  all  of  the  computational  grid 
points  have  been  shown  in  the  figure.  Several  radial  planes  very  close  to  the  hub  and  tip  end  walls 
were  deleted  for  the  sake  of  clarity. 

Both  the  measured  and  computed  results  showed  the  radial  transport  toward  the  hub  in  the 
stator  wake  due  to  the  strong  radial  static  pressure  gradient  at  this  plane  (Figs.  V-8d  and  e).  This 
was  the  mechanism  that  moved  the  tip  secondary  flow  away  from  the  tip  end  wall  and  toward  the 
hub  (Fig.  V-8a).  It  was  the  same  mechanism  that  drove  the  hub  secondary  flow  down  toward  the 
hub  end  wall  (Fig.  V-Sa).  The  radial  flow  toward  the  tip  in  the  computed  results  was  not  apparent  in 
the  measurements.  The  reason  for  this  may  be  related  to  the  larger  axial  gap  in  the  experiment  (50% 
vs.  15%). 

The  vortical  motion  i.i  the  hub  secondary  flow  that  can  be  seen  in  the  measurements  was  not 
clearly  evident  in  the  computations.  The  primary  reason  for  this  was  insufficient  grid  resolution  in 
the  radial  direction.  Two  or  three  radial  planes  were  insufficient  to  describe  a  vortical  flow  field  of 
this  type. 

Fig.  V-«j 

The  circumferentially  area-averaged  axial  velocity  component  was  plotted  as  a  function  of 
span  in  Fig.  V-8j.  Here  again,  the  measured  and  computed  results  were  seen  to  be  in  excellent 
agreement  both  in  terms  of  level  and  trend. 
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Fig.  V-^k 


The  spanwise  distributions  of  the  measured  and  computed  absolute  yaw  angles  aft  of  the  first 
stator  are  shown  in  Rg.  V-8k.  These  angles  were  based  on  the  area-averaged  velocity  components, 
as  required  by  through  flow  theory  (Dring  and  Oates,  1989a  and  b).  The  agreement  was  generally 
excellent  in  both  level  and  trend.  Near  the  end  walls  the  computed  results  indicated  the  expected 
trend  toward  over-turning.  Similar  over-turning  could  also  be  seen  in  the  computed  stator  hub 
limiting  stream  lines  (Fig.  V-4c).  The  experimental  flow  visualization  results  also  showed  this 
trend  toward  over-turning  on  the  hub  end  wall  (Figs.  V-1,  2,  and  3).  The  measured  flow  angles 
near  the  tip,  however,  indicated  a  trend  toward  under-turning  (toward  axial).  This  difference  may 
be  a  result  of  a  problem  with  the  instrumentation  (due  to  wall  interference  effects).  There  was  also 
the  possibility  that  the  entire  trend  toward  over-turning  occurred  between  95%  span  and  the  tip  end 
wall.  This  would  not  be  inconsistent  with  the  computed  results. 

Fig.  V-8I 

The  spanwise  distributions  of  the  measured  and  computed  relative  yaw  angles  aft  of  the  first 
stator  are  shown  in  Fig.  V-81.  Here  qualitative  agreement  was  good  in  that  all  the  maxima  and 
minima  of  the  prediction  were  present  in  the  data.  There  was,  however,  a  general  degradation  in  the 
quantitative  agreement.  The  problem  of  under-turning  near  the  tip  could  also  be  seen  here  in  the 
last  two  measured  points. 

This  completes  the  discussion  of  the  measured  and  computed  aerodynamic  results  down¬ 
stream  of  the  first  stator.  Discussion  will  now  turn  to  the  aerodynamic  data  acquired  downstream  of 
the  rotor.  As  mentioned  above,  since  neither  the  calculation  by  Rai  (1987)  nor  that  by  Madavan  et 
al.  (1989)  were  carried  out  with  both  the  correct  rotor  aspect  ratio  and  tip  clearance  they  were  not  be 
compared  with  the  measurements.  It  is  anticipated,  however,  that  such  a  calculation  will  be  avail¬ 
able  in  the  near  futvue  (Rai,  1989a).  Accordingly,  the  discussion  below  will  focus  purely  on  the 
measured  results. 

Fig.  V-9a 

The  flow  aft  of  the  rotor  is  shown  in  terms  of  contours  of  rotary  total  pressure  in  Fig.  V-9a. 
Here  again,  the  traverse  data  was  acquired  over  two  rotor  pitches.  Since  there  were  22  first  stator 
airfoils  and  28  rotor  airfoils  the  circumferential  width  of  the  figure  was  reduced  by  a  factor  of 
(11/14). 

There  was  a  large  low  total  pressure  region  down  stream  of  the  rotor  centered  at  about  60% 
span.  This  was  due  to  the  secondary  flows  occurring  as  the  hub  and  tip  end  wall  flows  impacted  the 
rotor  suction  surface  and  moved  toward  the  midspan  region  (Fig.  V-2).  It  was  interesting  to  note 
that  the  hub  and  tip  secondary  flows  had  merged  into  a  single  low  total  pressure  region.  This  region 
was  located  very  close  to  the  center  of  the  tip  secondary  flow  vortex  (Fig.  V-9g). 
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Somewhat  similar  results  from  a  plane  cascade  experiment  were  reported  by  Moore  and 
Ransmayr  (1984)  and  by  Moore  and  Adhye  (1985).  Their  cascade  experiment  was  carried  out  using 
an  airfoil  section  which  was  nominally  identical  to  the  present  rotor  midspan  section.  Their  cascade 
aspect  ratio  was  1.00  which  is  also  veiy  close  to  that  of  the  present  rotor  (1.06).  Their  results 
showed  that  the  low  total  pressure  regions  due  to  the  hub  and  tip  secondary  flows  moved  away  from 
the  end  walls,  toward  midspan,  and  that  at  a  plane  located  40%  aft  of  the  airfoil  trailing  edge  they 
essentially  merged  into  a  single  low  total  pressure  region  (Moore  and  Adhye  [1985],  Figs.  8  and 
10 ).  This  was  consistent  with  the  present  results  which  were  taken  36%  aft  of  the  rotor  trailing  edge 
(Fig.  n-3).  The  present  results  were  also  very  similar  to  those  presented  by  Madavan  et  al.  (1989)  in 
their  Fig.  20b.  Keep  in  mind  that  this  similarity  was  achieved  in  spite  of  the  difference  in  rotor  tip 
clearance.  The  effect  of  the  rotor  tip  leakage  flow  in  the  measurements  could  be  seen  by  the  regions 
of  low  rotary  total  pressure  between  80%  span  and  the  tip.  Recall  that  the  rotor  tip  clearance  was 
1.0%  span. 

Fig.  V-9b 

The  circumferentially  mass-averaged  rotary  total  pressure  was  plotted  as  a  function  of  span  in 
Fig.  V-9b.  The  low  total  pressure  regions  due  to  the  hub  and  tip  secondary  flows  and  the  rotor  tip 
leakage  could  be  seen  around  50%  and  90%  span  respectively.  The  lifting  of  the  secondary  flows 
away  from  the  hub  caused  a  relatively  high  total  pressure  in  this  region. 

An  indication  of  the  loss  in  rotary  total  pressure  across  the  rotor  could  be  seen  by  overlaying 
the  inlet  and  exit  rotary  total  pressure  profiles  (Figs.  V-8g  and  V-9b).  This  showed  a  large  loss 
across  the  entire  rotor  span,  varying  from  about  0.4  at  15%  span  to  0.9  near  midspan. 

Figs.  V-9c  and  d 

The  distribution  of  the  static  pressure  aft  of  the  rotor  is  shown  in  Fig.  V-9c.  The  gradients  here 
were  very  weak  for  two  reasons.  First,  this  traverse  plane  was  36%  aft  of  the  rotor  trailing  edge  (Fig. 
n-3)  and  hence  the  circumferential  gradients  due  to  the  rotor  airfoil  potential  flow  were  weak. 
Second,  because  the  absolute  swirl  aft  of  the  rotor  was  low  (»35®),  the  radial  static  pressure  gradient 
was  weak.  This  could  be  seen  in  Fig.  V-9d  where  the  area-averaged  static  pressure  is  shown  as  a 
function  of  span.  Note  that  the  absolute  swirl  aft  of  the  first  stator  was  large  (=68°),  resulting  in  a 
much  stronger  radial  static  pressure  gradient  (Fig.  V-8e). 

Fig.  V-9e 

The  spanwise  distribution  of  the  circumferentially  mass-averaged  absolute  total  pressure  is 
presented  in  Fig.  V-9e.  The  main  point  to  be  seen  here  was  that  aside  from  a  slight  negative 
gradient  there  are  no  strong  gradients  in  the  midspan  region  and  hence  the  secondary  flow  in  the 
second  stator  should  be  dominated  by  the  end  wall  flows. 
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Fig.  V-9f 


The  radial/circumferendal  distribution  of  the  relative  flow  speed  aft  of  the  rotor  is  illustrated 
in  Fig.  V-9f.  The  distribution  here  was  similar  to  the  rotaiy  total  pressure  distribution  (Fig.  V-9a). 
The  relative  flow  speed  was  also  quite  different  from  the  first  stator  exit  absolute  flow  speed  distri¬ 
bution  (Fig.  V-9h)  in  that  there  were  no  strong  spanwise  static  pressure  gradients  aft  of  the  rotor  as 
there  were  aft  of  the  first  stator.  This  was  due  to  the  low  absolute  swirl  aft  of  the  rotor  (compare  Fig. 
V-8e  for  the  stator  with  Fig.  V-9d  for  the  rotor). 

Fig.  V-9g 

The  secondary  flow  velocity  vectors  in  the  flow  aft  of  the  rotor  are  shown  in  Fig.  V-9g.  This 
plot  was  generated  in  the  same  way  as  Fig.  V-8i  for  the  flow  aft  of  the  first  stator.  Here  also  the 
viewing  angle  was  the  averaged  relative  yaw  angle  at  midspan.  Two  distinct  counter-rotating  vor¬ 
tices  were  clearly  evident  in  the  flow  downstream  of  each  rotor  airfoil  passage.  These  were  the  hub 
and  tip  secondary  flow  vortices.  Their  origins  on  the  hub  and  tip  end  walls  of  the  rotor  passage 
could  be  seen  in  the  rotor  flow  visualization  (Fig.  V-2).  As  mentioned  above,  the  region  of  low 
rotary  total  pressure  (Fig.  V-9a)  was  centered  over  the  tip  secondary  flow  vortex  at  about  60%  span. 

Fig.  V-9h 

It  is  nearly  impossible  to  see  the  tip  leakage  vortex  in  Fig.  V-9g  because  the  axis  of  this  vortex 
was  not  aligned  with  the  viewing  direction  (the  averaged  flow  direction  at  midspan).  Since  this 
vortex  was  centered  at  about  90%  span  (Fig.  V-9a)  it  could  be  seen  more  clearly  when  viewed  from 
the  averaged  flow  direction  at  this  span  location.  Such  a  view  is  shown  in  Fig.  V-9h  where  the  tip 
leakage  vortex  is  now  much  more  apparent.  There  is  about  an  8®  difference  in  these  two  viewing 
directions  (Fig.  V-9j).  Note  that  the  two  secondary  flow  vortices  also  look  quite  different  when 
viewed  from  this  new  direction. 

Fig.  V-9i 

The  spanwise  distribution  of  the  circumferentially  area-averaged  axial  velocity  component  is 
plotted  in  Fig.  V-9i.  The  under-toiming  in  the  region  between  the  hub  and  tip  secondary  flow  vor¬ 
tices  caused  a  higher  axial  velocity  in  this  region  (near  midspan).  Conversely,  the  over-turning 
regions  above  and  below  the  two  secondary  flow  vortices  have  caused  a  lower  axial  velocity  in 
these  regions  (near  10%  and  80%  span).  The  higher  axial  velocity  due  to  the  under-turning  caused 
by  the  tip  leakage  could  be  seen  near  the  tip. 

Fig.  V-9j 

This  whole  issue  of  under-  and  over-turning  becomes  clearer  when  once  considers  the  span- 
wise  distribution  of  the  rotor  relative  exit  flow  angle  (Fig.  V-9j).  This  plot  of  flow  angle  veiy 
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closely  resembles  the  plot  of  axial  velocity  above  when  it  is  inverted.  Regions  of  high  angle  (over¬ 
turning)  correspond  to  regions  of  low  axial  velocity,  and  vice-versa. 

Fig.  V-9k 

The  same  observations  made  above  for  the  relative  flow  angle  are  true  also  for  the  absolute 
flow  angle  (Fig.  V-9k).  The  main  difference  is  that  the  variations  in  absolute  angle  are  much  larger 
due  to  the  subraction  of  wheel  speed  from  the  relative  velocity  vector. 

This  completes  the  discussion  of  the  measured  aerodynamic  results  downstream  of  the  rotor. 
Discussion  will  now  tirni  to  the  aerodynamic  data  acquired  downstream  of  the  second  stage  stator. 

Fig.  V-lOa 

The  aerodynamic  traverse  results  acquired  downstream  of  the  second  stage  stator  are  summa¬ 
rized  in  Fig.  V-10.  This  traverse  plane  (Plane  4)  was  located  14%  aft  of  the  second  stator  trailing 
edge  (Fig.  0-3).  Since  there  were  22  first  stators  and  28  second  stators  there  was  no  practical  way 
of  quantifying  the  “average”  passage  (shon  of  taking  traverse  data  behind  14  adjacent  second  stator 
passages).  The  difficulty  here  could  be  seen  in  the  absolute  total  presstire  contours  shown  in  Fig. 
V-lOa.  This  data  was  taken  over  two  first  stator  pitches  (or  2.545  second  stator  pitches).  The 
effects  of  the  first  stator  could  be  seen  most  clearly  in  the  non-periodic  nature  of  the  relatively  weak 
gradients  in  the  flow  between  the  second  stator  wakes.  The  wakes  themselves,  however,  were  sur¬ 
prisingly  periodic. 

In  spite  of  the  fact  that  the  second  stator  geometry  was  far  more  similar  to  the  rotor  than  to  the 
first  stator,  the  second  stator  wake  was  far  more  similar  to  that  of  the  first  stator  (compare  Fig. 
V-lOa  with  Figs.  V-8a  and  V-9a).  The  main  reason  for  this  was  that  the  flow  aft  of  both  stators  had 
a  much  larger  absolute  swirl,  and  hence  a  much  stronger  radial  static  pressure  gradient,  than  the 
flow  aft  of  the  rotor.  This  gradient  drove  the  low  total  pressure  fluid  toward  the  hub.  In  the  absence 
of  this  gradient  the  low  total  pressure  fluid  tended  to  accumulate  near  midspan.  This  was  true  both 
for  the  rotor  (Fig.  V-9a)  and  for  a  similar  plane  cascade  (Moore  and  Ransmayr  [1984]  and  by 
Moore  and  Adhye  [1985]),  both  of  which  had  aspect  rations  near  unity. 

Fig.  V-lOb 

The  circumferentially  mass-averaged  absolute  total  pressure  aft  of  the  second  stator  is  pre¬ 
sented  as  a  function  of  span  in  Fig.V-lOb.  In  an  effort  to  deal  with  the  issue  of  defining  an  “aver¬ 
age”  passage  the  results  were  averaged  both  over  two  first  stator  passages  and  over  two  second 
stator  passages.  The  differences  between  the  two  were  generally  smaller  than  the  symbol  size. 
Only  near  the  end  walls  did  the  differences  approach  0.1.  Accordingly,  all  of  the  data  presented 
here  were  averaged  over  two  second  stator  pitches. 
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The  total  pressure  loss  across  the  second  stator  could  be  seen  by  overlaying  the  inlet  and  exit 
total  pressure  profiles  (Figs.  V-9e  and  V-lOb).  The  result  was  that  there  was  a  total  pressure  “loss” 
region  near  the  hub  and  a  “gain”  region  near  the  tip.  The  maximum  changes  in  CPTABS  were  on 
the  order  of  0.2.  This  observation  of  a  local  “gain”  in  total  pressure  indicated  that  there  must  have 
been  significant  radial  transport  of  the  high  and  low  total  pressure  fluid  occurring  between  the  stator 
inlet  and  exit  (Planes  3  and  4).  This  is  reinforced  by  the  observations  concerning  the  inlet  flow 
angle  for  the  second  stator  at  98%  span  (see  the  discussion  of  Fig.  V-7). 

Fig.  V-lOc 

The  static  pressure  field  aft  of  the  second  stator  is  shown  in  Fig.  V-lOc.  This  distribution  was 
very  similar  to  that  measured  aft  of  the  first  stator  (Fig.  V-8d).  Both  had  a  strong  spanwise  gradient 
due  to  the  large  absolute  swirl  in  the  flow.  Both  also  had  relatively  weak  circumferential  gradients 
due  to  the  relatively  large  distance  between  the  airfoils  and  the  traverse  planes  (Fig.  11-3). 

Fig.  V-lOd 

The  spanwise  gradient  in  the  circumferrentially  area-averaged  static  pressure  aft  of  the  sec¬ 
ond  stator  (Fig.  V-lOd)  was  somewhat  weaker  than  that  behind  the  first  stator  (Fig.  V-8e)  due  to  its 
lower  absolute  swirl  angle. 

Figs.  V-lOe  and  f 

The  contours  of  rotary  total  pressure  aft  of  the  second  stator  were  very  similar  to  the  absolute 
total  pressure  contours  (Fig.  V-lOe).  The  absence  of  any  strong  radial  gradients  in  the  circumferen¬ 
tially  mass-averaged  rotary  total  pressure  (Fig.  V-lOf)  indicated  that  if  there  were  a  second  stage 
rotor,  it  would  not  have  and  strong  gradient-driven  secondary  flow  in  the  midspan  region. 

Fig.  V-lOg 

The  contours  of  absolute  flow  speed  aft  of  the  second  stator  are  illustrated  in  Fig.  V-lOg.  Not 
only  were  the  second  stator  wakes  evident  in  the  flow,  but  so  also  were  the  radial  gradients  in  speed 
between  the  wakes  due  to  the  strong  spanwise  static  pressure  gradient. 

Fig.  V-lOh 

As  can  be  seen  in  Fig.  V-lOh,  there  was  a  very  strong  secondary  flow  present.  As  with  the  first 
stator,  there  was  strong  flow  from  tip  to  hub  in  the  wakes  due  to  the  radial  static  pressure  gradient. 
Qose  to  the  hub  (»10%  span)  in  each  wake  there  was  a  suong  vortical  motion  that  could  be  a  result 
of  the  hub  secondary  flow.  There  was  also  a  relatively  weak  vortical  motion  of  opposite  sign  in  the 


regions  between  the  wakes,  around  30%  span.  This  weaker  vortex  varied  in  radial  and  circumferen¬ 
tial  location  from  passage  to  passage.  It  might  have  been  a  vestige  of  the  rotor  secondary  flow. 

It  appeared  that  there  was  under-turning  near  the  hub  and  tip  end  walls.  This  was  in  the  direc¬ 
tion  opposite  to  that  expected  for  secondary  flow  (i.e.,  over-turning).  Inspection  of  the  spanwise 
distribution  of  the  absolute  flow  angle  at  this  plane  (Fig.  V-lOj)  suggested  that  the  hub  and  tip 
secondary  flows  were  in  fact  present,  and  in  the  expected  direction,  but  that  they  were  limited  to 
regions  very  close  to  the  end  walls. 

The  conclusion  reached  from  these  results  is  that  the  secondary  flows  over  the  second  stator 
were  far  more  complex  that  either  the  first  stator  or  rotor.  The  main  reason  for  this  was  probably 
that  the  vorticity  in  the  flow  through  the  second  stator  passages  was  strongly  influenced  by  both  the 
upstream  rotor  and  possibly  even  by  the  upstream  stator. 

Fig.  V-lOi 

The  spanwise  distribution  of  the  axial  velocity  component  is  shown  as  a  function  of  span  in 
Fig.  V-lOi.  The  under-turning  observed  above  in  the  secondary  flows  near  the  hub  and  tip  end 
walls  had  caused  higher  than  average  axial  velocity  in  these  regions.  The  over-turning  due  to 
secondary  flow  caused  the  axial  velocity  to  begin  to  decrease  very  close  to  the  end  walls. 

Fig.  V-lOj 

These  under-  and  over-turning  patterns  could  be  clearly  seen  in  the  spanwise  distribution  of 
the  absolute  flow  angle  presented  in  Fig.  V-lOj.  The  under-turning  near  the  hub  reached  a 
maximum  at  about  10%  span  and  that  near  the  tip  it  reached  a  maximum  at  about  90%  span.  The 
over-turning  due  to  secondary  flow  was  evident  between  these  maxima  and  the  end  walls  where  the 
flow  tended  toward  tangential  (90°). 

Fig.  V-lOk 

Finally,  the  spanwise  variation  of  the  relative  flow  angle  aft  of  the  second  stator  is  presented  in 
Fig.  V-lOk.  It  was  similar  to  the  absolute  angle  profile  except  that  it  was  skewed  and  that  the  vari¬ 
ations  were  larger  due  to  subtracting  wheel  speed  from  the  velocity  vector. 

This  concludes  the  presentation  of  the  measured  and  computed  aerodynamic  results.  The 
intent  in  acquiring  all  this  aerodynamic  data  was  that  it  would  provide:  (1)  a  good  basis  for  the 
assessment  of  computational  methods,  and  (2)  an  explanation  for  the  profile  attenuation  data  that 
will  be  discussed  in  the  following  section. 
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V.2.  Trace  Gas  Results 


Fig.  V-11 

The  inlet  trace  gas  profile  was  generated  by  adjusting  the  C02  flow  rate  to  each  of  the  five 
injector  rings  upstream  of  the  test  section  (see  Section  in-2).  It  was  documented  at  Plane  1, 97% 
upstream  of  the  stator  leading  edge.  This  inlet  documentation  was  carried  out  by  making  radial 
travoses  at  four  circumferential  locations.  After  considerable  adjustment  the  results  presented  in 
Fig.  V-1 1  wCTe  obtained.  The  range  of  concentrations  at  each  radial  location  is  indicative  of  the 
degree  of  axisymmetry  achieved  in  the  inlet  flow.  The  non-axisymmetry  in  the  inlet  trace  gas  con¬ 
centration  parameter  was  »0. 1.  The  measurement  uncertainty  in  the  NDIR  readings  (both  here  and 
in  the  data  presented  below)  was  much  less  than  this.  The  average  of  the  four  inlet  profile  measure¬ 
ments  was  also  shown.  For  clarity,  it  was  shown  separately  in  Fig.  V-12. 

Fig.  V-12 

The  average  inlet  trace  gas  profile  is  shown  in  Fig.  V-12.  This  profile  served  as  a  basis  of 
comparison  for  the  data  measiued  at  the  various  locations  across  the  turbine.  The  dimensionless 
concentration  parameter  (see  Section  11-4)  was  based  on  this  profile,  0.0  representing  the  minimum 
and  1.0  the  maximum.  The  location  of  the  maximum  at  60%  span  corresponded  to  typical  engine 
turbine  inlet  temperature  profiles. 

The  radial  area-average  of  the  inlet  trace  gas  profile  at  Plane  1  was  0.57.  Since  the  flow  veloc¬ 
ity  at  this  plane  was  axial  and  uniform  (except  for  the  hub  and  tip  boundary  layers)  this  average 
corresponded  closely  to  the  concentration  that  the  flow  in  the  turbine  will  approach  as  it  becomes 
increasingly  mixed  out 

V.2.a.  First  Stator 

Fig.  V-13 

The  trace  gas  measurements  made  on  the  surface  of  the  first  stage  stator  are  presented  in  Fig. 
V-13.  These  results  were  based  on  measurements  made  at  7  span  locations  and  at  22  locations 
around  the  perimeter  of  the  airfoil.  The  concentrations  were  rendered  in  terms  of  color  contours  to 
indicate  the  variation  of  the  dimensionless  concentration  parameter  between  0.0  (dark  blue)  and  1 .0 
(dark  red).  Generally  speaking,  the  distributions  of  the  high  and  low  concentration  fluid  on  the 
airfoil  surfaces  were  what  one  might  have  expected  based  on  the  surface  flow  visualization  (Figs. 
V-1  through  V-3). 

There  was  a  high  concentration  region  around  midspan  extending  from  the  leading  to  the  trail¬ 
ing  edge  of  the  airfoil.  It  was  nearly  uniform  in  spanwise  extent  on  the  pressure  surface  but  on  the 


suction  surface  there  was  a  spanwise  contraction  due  to  the  hub  and  tip  secondary  flows.  The  tip 
secondary  flow  was  seen  to  be  the  stronger  of  the  two  due  to  the  general  tip-to-hub  transport  of  the 
low  momentum  fluid.  The  hub  end  wall  concentration  was  relatively  uniform  and  at  a  very  low 
level.  This  was  also  true  for  the  tip  end  wall  (not  shown). 

Fig.  V-14 

Concentration  measurements  made  at  the  7  span  locations  on  the  stator  leading  edge  were 
compared  with  the  average  inlet  profile  in  Fig.  V-14.  The  only  major  change  was  an  increase  in 
concentration  at  the  stator  tip  and  a  much  smaller  increase  at  the  hub.  These  increases  may  have 
been  due  to  the  leading  edge  horseshoe  vortex  bringing  higher  concentration  fluid  out  toward  the 
end  wall.  The  increases  may  also  have  been  due  partially  to  the  non-axisymmetry  of  the  inlet  con¬ 
centration.  The  increase  at  the  tip,  however,  was  too  large  to  attribute  to  non-axisymmetry.  The 
horseshoe  vortex,  therefore,  could  be  an  important  mechanism  for  transporting  hot  core-flow  fluid 
to  the  end  walls. 

Fig.  V-15 

The  traverse  data  aft  of  the  first  stator  is  shown  in  Fig.  V-15.  As  with  the  aerodynamic  meas¬ 
urements,  data  was  acquired  over  two  first  stator  pitches.  The  periodicity  in  these  results  was 
consistent  with  an  inlet  non-axisymmetry  of  =*0.1. 

The  dominant  feature  in  these  contours  was  the  radial  transpon  toward  the  hub  that  occurred  in 
the  stator  wakes.  This  could  be  seen  by  comparing  this  concentration  data  with  the  stator  exit  total 
pressure  data  in  Fig.  V-8a  and  with  the  stator  exit  secondary  flow  data  in  Fig.  V-8i.  The  strong  flow 
toward  the  hub  in  the  stator  wake  (Fig.  V-8i)  carried  the  high  and  low  concentration  fluid  with  it. 
There  was  also  evidence  that  the  secondary  flow  was  driving  low  concentration  fluid  up  the  stator 
suction  surface  near  the  hub.  Between  the  wakes  the  contours  remained  relatively  axisymmetric. 
The  main  driver  for  temperature  profile  attenuation  here  was  the  radial  transport  due  to  the  secon¬ 
dary  flow  and  due  to  the  airfoil  wake. 

Fig.  V-16 

The  concentration  data  aft  of  the  first  stator  was  circumferentially  area-averaged  and  com¬ 
pared  with  the  inlet  profile  in  Fig.  V-16.  The  most  noticeable  change  across  the  stator  (between 
Planes  1  and  2)  was  the  reduction  in  the  maximum  (from  1 .0  to  under  0.9).  There  was  also  evidence 
of  transport  of  high  concentration  fluid  down  onto  the  end  walls. 

Fig.  V-17 

Another  type  of  measurement  aft  of  the  first  stator  was  obtained  using  the  rotor  leading  edge 
rake.  This  rake  was  mounted  on  the  rotor  hub,  at  the  leading  edge  plane.  This  plane  was  50%  aft  of 
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the  statOT  trailing  edge,  compared  to  the  Plane  2  traverse  location,  17%  aft  (see  Fig.  11-3).  The  rotor 
rake  results  were  compared  with  the  stator  exit  traverse  results  and  with  the  inlet  profile  in  Fig. 
V-17. 

A  note  of  caution  should  be  made  about  the  concentration  data  acquired  in  the  rotating  frame 
of  reference.  The  rotating  frame  results  represent  the  circumferential  average  of  the  spatially  non- 
axisymmetric  inlet  profile.  This  needs  to  be  kept  in  mind  when  comparing  them  with  data  taken  in 
the  absolute  frame. 

With  this  caution  in  mind,  it  appeared  that  there  had  been  an  additional  reduction  in  the  maxi¬ 
mum  concentration  near  midspan  and  additional  transport  of  high  concentration  fluid  onto  the  end 
walls,  especially  at  the  tip.  Recall  that  the  traverse  data  was  acquired  17%  aft  of  the  stator  and  that 
the  rake  data  was  acquired  50%  aft. 

V.2.b.  Rotor 

Fig.  V-18 

The  trace  gas  measurements  made  on  the  surface  of  the  rotor  are  presented  in  Fig.  V-18. 
These  results  were  based  on  measurements  made  at  7  span  locations  and  at  22  locations  around  the 
perimeter  of  the  airfoil.  The  concentrations  have  been  rendered  in  terms  of  color  contours  to  indi¬ 
cate  the  variation  of  the  dimensionless  concentration  parameter  between  0.0  (dark  blue)  and  1.0 
(dark  red).  Generally  speaking,  the  distributions  of  the  high  and  low  concentration  fluid  on  the 
airfoU  surfaces  were  what  one  might  have  expected  based  on  the  surface  flow  visualization  (Figs. 
V-1  through  V-3). 

Generally  speaking,  the  three-dimensional  flow  mechanisms  were  much  stronger  on  the  rotor 
than  on  the  first  stator  (Fig.  V-18  vs.  V-13).  This  could  be  seen  on  both  the  suction  and  pressure 
surfaces.  The  suction  surface  was  strongly  influenced  by  the  hub  and  tip  secondary  flows.  ITiey 
prevented  the  high  concentration  fluid  (red)  from  reaching  the  trailing  edge  by  driving  the  lower 
concentration  fluid  (turquoise,  green  and  yellow)  from  the  end  walls  out  onto  the  rotor  suction  sur¬ 
face.  The  relatively  high  concentration  region  at  the  tip  (the  yellow  along  the  aft  portion  of  the 
suction  surface)  was  attributed  to  the  leakage  flow  through  the  rotor  tip  clearance. 

Strong  radial  transport  was  present  on  the  pressure  surface  due  to  the  “relative  eddy”  (Dring 
and  Joslyn,  1983).  This  inviscid  mechanism  was  strictly  associated  with  the  rotating  frame  of  refer¬ 
ence.  Its  primary  effect  was  to  transport  the  high  concentration  fluid  that  entered  the  rotor  passage 
at  midspan  outward  toward  the  tip  along  the  pressure  surface.  This  was  felt  to  be  the  source  of  the 
relatively  high  concentration  (yellow)  tip  leakage  fluid  on  the  suction  surface  near  the  tip.  This 
fluid  had  been  transported  radially  out  toward  the  tip  along  the  pressure  surface.  It  was  then  con- 
vected  through  the  rotor  tip  clearance  gap  by  the  strong  pressure  gradient  there.  The  conclusion 
here  was  that  the  temperature  of  the  flow  leaking  over  a  rotor  tip  may  not  be  the  relatively  cool  fluid 
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that  enters  the  rotor  passage  near  the  tip,  but  rather  the  much  hotter  fluid  that  enters  the  passage  in 
the  midspan  region.  This  is  probably  one  of  the  reasons  why  rotor  tip  durability  has  frequently  been 
a  problem  throughout  the  industry. 

As  on  the  first  stator  hub,  the  concentration  distribution  on  the  rotor  hub  was  very  uniform  and 
at  a  relatively  low  level. 

Fig.  V-19 

The  concentration  profile  from  the  leading  edge  measurements  made  at  the  seven  spanwise 
locations  on  the  rotor  airfoil  were  compared  with  the  rotor  leading  edge  rake  data  and  with  the 
turbine  inlet  profile  in  Fig.  V-19.  These  results  continue  to  show  a  reduction  of  the  maximum 
concentration  and  an  increase  near  the  end  walls.  The  mechanisms  contributing  to  this  included  the 
radial  flow  in  the  stator  wake  and  in  its  secondary  flow,  and  also  possible  horseshoe  vortices  on  the 
rotor  leading  edge. 

Fig.  V-20 

The  traverse  data  taken  in  the  rotating  frame  of  reference  at  Plane  3, 36%  aft  of  the  rotor,  are 
presented  in  Fig.  V-20.  These  results  were  acquired  over  two  rotor  pitches.  All  non-axisymmetry 
at  the  rotor  inlet  was  averaged  out  by  the  rotor  motion.  Accordingly,  the  profile  redistribution  at  this 
plane  was  due  to  the  rotor  secondary  flow  (Fig.  V-9g).  The  maximum  concentration  had  been 
reduced  from  about  0.85  at  the  rotor  leading  edge  rake  to  about  0.7  at  the  traverse  plane.  There  was 
a  high  degree  of  periodicity  in  the  results  due  to  the  rotor  averaging  out  inlet  non-axisymmetries. 
The  fact  that  these  contours  were  driven  by  secondary  flow  can  be  seen  by  over  laying  Figs.  V-20 
and  V-9g. 

Fig.  V-21 

The  traverse  data  taken  in  the  stationary  frame  of  reference  at  Plane  3, 36%  afi  of  the  rotor,  are 
presented  in  Fig.  V-21.  These  results  were  acquired  over  two  first  stage  stator  pitches.  It  was 
evident  from  the  periodic  variations  in  these  results  that  the  distortions  introduced  by  the  first  stator 
were  being  convected  through  the  rotor.  Unlike  the  rotating  frame  results,  these  results  also  con¬ 
tained  the  influence  of  the  non-axisymmetries  in  the  turbine  inlet  concentration.  It  is  noteworthy 
that  these  distortions  existed  aft  of  the  first  stage.  This  suggested  that  it  might  be  possible  to  reduce 
the  second  stator  heat  load  by  setting  the  second  stator  airfoil  count  equal  to  that  of  the  first  stator 
and  by  locating  the  airfoils  in  the  relatively  cool  parts  of  the  flow. 

It  was  interesting  to  note  that  the  maximum  concentration  in  both  the  rotating  and  stationary 
frame  traverses  was  somewhat  above  0.7.  This  indicated  that  the  temporal  and  spatial  variations  in 
both  frames  of  reference  are  of  the  same  magnitude  (max  -  min.  =0.2). 
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Fig.  V-22 


The  absolute  and  rotating  frame  traverse  results  aft  of  the  rotor  (Plane  3)  were  circumferen¬ 
tially  averaged  and  plotted  as  functions  of  span  along  with  the  turbine  inlet  profile.  Ideally,  these 
two  rotor  exit  profiles  should  be  the  same.  The  rotating  frame  results  did,  in  fact,  represent  a  true 
circumferential  average.  The  absolute  frame  results  were  affected  by  the  non-axisymmetries  at  the 
turbine  inlet.  As  pointed  out  above,  the  difference  was  typically  less  than  0.1. 

Fig.  V-23 

Upon  comparing  the  rotor  inlet  rake  results  (Fig.  V-19)  with  the  rotor  exit  traverse  results 
(Fig.  V-22)  as  to  the  trace  gas  concentration  in  the  tip  region  it  could  be  seen  that  there  was  a  large 
increase  from  the  rotor  inlet  to  the  rotor  exit.  The  rotor  inlet  rake  indicated  a  concentration  near  the 
tip  of  about  0.35.  The  rotor  exit  traverses  in  both  the  absolute  and  rotating  frames  indicated  a  tip 
concentration  of  about  0.55.  These  results,  along  with  data  acquired  on  the  stationary  rotor  tip 
shroud  between  the  rotor  leading  and  trailing  edges,  are  shown  in  Fig.  V-23.  A  general  increase  in 
the  concentration  at  the  tip  could  be  seen  from  the  rotor  leading  edge  to  the  rotor  exit  traverse  plane 
(36%  aft).  This  increase  was  due  to  the  transport  toward  the  tip  of  high  concentration  fluid  in  the 
midspan  region.  This  transport  was  due  to  both  the  relative  eddy  and  the  rotor  tip  secondary  flow 
vortex. 

The  shroud  results  plotted  in  Fig.  V-23  between  the  rotor  leading  and  trailing  edges  were  the 
averages  of  seven  measurements  distributed  over  one  first  stator  pitch  at  each  axial  location.  The 
“Max”  and  “Min”  lines  represent  the  envelope  of  these  results.  The  width  of  this  band  was  due 
partially  to  the  non-axisymmetry  of  the  concentration  in  the  inlet  flow  and  partially  to  tlie  non- 
axisymmetries  caused  by  the  first  stator. 

V.2.C.  Second  Stator 

Fig.  V-24 

The  trace  gas  measurements  made  on  the  surface  of  the  second  stage  stator  are  presented  in 
Fig.  V-24.  These  results  were  based  on  measurements  made  at  7  span  locations  and  at  22  locations 
around  the  perimeter  of  the  airfoil.  The  concentrations  were  rendered  in  terms  of  color  contours  to 
indicate  the  variation  of  the  dimensionless  concentration  parameter  between  0.0  (dark  blue)  and  1 .0 
(daik  red).  Generally  speaking,  the  distributions  of  the  high  and  low  concentration  fluid  on  the 
airfoil  surfaces  were  what  one  might  have  expected  based  on  the  surface  flow  visualization  (Figs. 
V-1  through  V-3). 

The  fact  that  the  mixing  across  the  rotor  was  strong  was  evident  by  the  washed  out  appearance 
of  the  color  contours  on  the  second  stator.  The  flow  has  been  driven  to  approach  the  average  con¬ 
centration  of  0.57.  This  corresponds  to  the  green  side  of  the  yellow  contour. 
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As  on  the  first  stator,  the  distribution  on  the  second  stator  pressure  surface  was  relatively  uni¬ 
form  fi:x)m  the  leading  edge  to  the  trailing  edge.  Both  the  suction  and  pressure  surfaces  no  longer 
have  distributions  which  are  symmetric  about  midspan  (as  on  the  first  stator)  but  rather  they  had  an 
almost  linear  gradient  from  lower  concentrations  at  the  hub  to  higher  concentrations  at  the  dp.  This 
was  a  result  of  the  radial  redistribution  through  the  rotor  passage  due  to  the  relative  eddy  (rotation  of 
the  Bernoulli  surfaces). 

As  on  the  first  stator  and  rotor  hubs,  the  concentration  distribution  on  the  second  stator  hub 
was  very  uniform  and  at  a  relatively  low  level.  The  same  was  true  for  the  tip  end  wall  (not  shown). 

The  conclusion  reached  here  was  that  the  radial  redistribution  occurring  in  the  rotor  trans¬ 
ported  the  higher  concentration  fluid  out  toward  the  second  stator  tip.  This  suggests  that  the  high 
heat  load  conditions  on  second  stators  will  be  nearer  the  tip,  rather  than  at  midspan.  Parenthetically, 
the  relative  eddy  is  an  inviscid  mechanism  (Bring  and  Joslyn,  1983  ).  One  would  expect  that  it 
would  be  predicted  relatively  accurately  with  the  three-dimensional  Euler  calculations  that  are 
becoming  increasingly  common  in  the  industry. 

Fig.  V-25 

The  concentration  profile  from  the  leading  edge  measurements  made  at  the  seven  spanwise 
locations  on  the  second  stator  airfoil  were  compared  with  the  circumferentially  averaged  rotor  exit 
traverse  data  (acquired  in  the  rotating  frame)  and  with  the  turbine  inlet  profile  in  Fig.  V-25.  The 
attenuation  of  the  concentration  profile  has  continued  to  the  point  that  at  this  plane  it  was  nearly 
linear  from  hub  to  tip.  The  level  was  probably  high  (relative  to  the  rotating  frame  data)  due  to  the 
non-axisymmetries  in  the  inlet  concentration. 

Fig.  V-26 

The  results  of  the  traverse  data  taken  at  Plane  4, 14%  aft  of  the  second  stator,  are  presented  in 
Fig.  V-26.  The  nrost  striking  feature  here  was  that  the  concentration  distribution  was  nearly 
axisymmetric  and  that  the  hub-to-tip  gradient  was  very  weak.  The  data  here  was  acquired  over  two 
first  stator  pitches,  however,  because  of  the  axisymmetry,  it  didn’t  matter  much  whether  it  was  aver¬ 
aged  across  the  pitch  of  the  first  or  second  stator. 

Fig.  V-27 

The  second  stator  exit  traverse  data  was  circumferentially  averaged  over  the  second  stator 
pitch  and  it  was  compared  with  the  second  stator  inlet  profile  (measured  in  the  rotating  frame)  and 
with  the  turbine  inlet  profile  in  Fig.  V-27.  There  was  a  continued  mixing  toward  a  uniform  condi¬ 
tion.  The  changes  were  mainly  near  the  hub.  The  issue  of  inlet  non-axisymmetry,  however, 
complicates  this  comparison. 
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Fig.  V-28 


As  a  summary  of  the  profile  attenuation  process  across  the  three  rows  of  turbine  airfoils  is 
given  in  Fig.  V-28.  Four  profiles  were  presented;  ( 1 )  the  averaged  inlet  profile,  (2)  the  rotor  leading 
edge  rake  profile,  (3)  the  circumferential  average  of  the  rotor  exit  traverse  data  acquired  in  the 
rotating  frame  of  reference,  and  (4)  the  circumferential  average  of  the  stator  exit  traverse  data. 

Fig.  V-29 

The  airfoil  and  hub  end  wall  concentration  distributions  were  combined  into  a  single  illustra¬ 
tion,  with  the  correct  axial  spacings,  in  Fig.  V-29.  This  figure,  along  with  Fig.  V-28  provided  a 
clear  picture  of  the  profile  attenuation  process  across  the  three  airfoil  rows  in  the  mrbine. 

The  salient  features  of  the  trace  gas  concentration  data  were  (1)  the  reduction  in  the  profile 
maximum,  (2)  the  increase  in  the  hub  and  tip  minima,  and  (3)  the  sU’ong  impact  of  the  rotor  in  the 
profile  attenuation  process.  Another  important  (and  expected)  feature  of  these  results  was  that  both 
from  above  and  from  below  the  local  concentration  was  approaching  the  inlet  area-average  value  of 
0.57. 
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VI.  CONCLUSIONS 


The  objective  of  this  program  was  to  examine  the  three-dimensional  nature  of  the  flow  in  a 
turbine  with  particular  focus  on  the  mechanisms  affecting  the  mixing  and  attenuation  of  an  inlet 
temperature  profile. 

The  present  program  has  advanced  the  state-of-the-art  by  providing:  (1)  an  exhaustive  aero¬ 
dynamic  data  base  for  the  three-dimensional  flow  in  a  large  scale  axial  turbine,  (2)  an  exhaustive 
data  base  documenting  the  mixing  of  a  simulated  combustor  exit  temperature  profile  as  it  passed 
through  the  turbine,  and  (3)  an  assessment  of  a  state-of-the-art  three-dimensional,  time  accurate, 
Navier-Stokes  prediction  of  the  flow  in  the  turbine  stage. 

SpeciHc  observations  and  conclusions  are  as  follows. 

Aerodynamics  Measurements 

-  Surface  flow  visualization  indicated  that  hub  and  tip  secondary  flows  were  the  main 
cause  of  three  dimensionality  in  the  stators  (Figs.  V-1  through  V-3).  Traverse  results 
aft  of  the  stators  showed  that  radial  transport  in  the  wakes  was  also  a  strong  contribu¬ 
tor  (Figs.  V-8i  and  V-lOh). 

-  Surface  flow  visualization  indicated  that  hub  and  tip  secondary  flows,  as  well  as  the 
relative  eddy  and  tip  leakage,  were  the  main  causes  of  three  dimensionality  for  the 
rotor  (Figs.  V-1  through  V-2).  Traverse  results  aft  of  the  rotor  showed  that  radial 
transport  in  the  wakes  was  relatively  weak  due  to  the  low  level  of  absolute  swirl  (Fig. 
V-9g). 


-  The  pressure  distributions  on  the  first  stator  were  only  weakly  influenced  by  the  three 
dimensionality  of  the  flow  (Fig.  V-6). 

-  The  pressure  distributions  on  the  rotor  were  strongly  influenced  by  the  three  dimen¬ 
sionality  of  the  flow,  at  the  hub  due  to  secondary  flow  and  at  the  tip  due  to  leakage 
flow  through  the  clearance  gap  (Fig.  V-6). 

-  The  second  stator  pressure  distribution  was  significantly  affected  by  radial  mixing 
immediately  upstream  of  the  airfoil.  This  mixing  altered  its  incidence  (Fig.  V-7a). 

-  In  spite  of  the  fact  that  the  high  loss  fluid  aft  of  the  rotor  was  swept  up  into  a  single 
region  around  midspan  (as  in  a  nonrotating  cascade)  (Fig.  V-9a),  the  hub  and  tip  sec¬ 
ondary  flow  vortices  were  still  clearly  present  (Fig.  V-9g). 

-  In  spite  of  the  fact  that  the  second  stator  airfoil  is  more  similar  to  the  rotor  airfoil,  its 
wake  is  more  similar  to  that  of  the  first  stator  because  of  its  high  exit  swirl  (Figs. 
V-8a  and  V-lOa  versus  V-9a). 
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-  The  three  dimensionality  of  the  flow  over  the  second  stator  is  complicated  by  the 
presence  of  the  upstream  rotor  (and  possible  by  the  upstream  stator)  (Fig.  V-lOh). 

Trace  Gas  Profile  Attenuation  Measurements 

-  The  trace  gas  technique  gave  an  excellent  simulation  of  temperature  in  so  far  as  the 
profile  attenuation  process  was  concerned.  Adiabatic  boundary  conditions  were 
observed  exactly  and  measurements  on  the  airfoil  and  in  the  flow  could  be  made  with 
very  high  accuracy. 

-  The  horseshoe  vortex  was  a  major  contributor  in  bringing  hot  core  flow  fluid  down 
onto  the  hub  and  tip  end  walls  (Figs.  V-14  and  V-19). 

-  The  major  source  of  radial  mixing  due  to  the  first  stator  was  the  radial  flow  in  its 
wake  (Fig.  V-15). 

-  Radial  mixing  continued  to  occur  in  the  axial  gap  between  the  first  stator  and  the 
rotor  (Fig.  V-17). 

-  Radial  mixing  in  the  rotor  was  dominated  by  the  hub  and  tip  secondary  flows,  the 
relative  eddy,  and  the  tip  leakage  flow  (Figs.  V-18  and  V-19). 

-  In  the  flow  incident  on  the  second  stator  the  temporal  variations  (due  to  the  rotor)  and 
the  circumferential  spatial  variations  (due  to  the  first  stator)  were  very  close  in  mag¬ 
nitude  (Figs.  V-20  and  V-21). 

-  The  circumferential  variations  in  trace  gas  concentration  in  the  flow  entering  the  sec¬ 
ond  stator  (Fig.  V-21)  suggested  that  it  might  be  possible  to  reduce  the  second  stator 
heat  load  by  setting  the  second  stator  airfoil  count  equal  to  that  of  the  first  stator  and 
by  locating  the  airfoils  in  the  relatively  cool  parts  of  the  flow. 

-  The  effect  of  the  relative  eddy  in  the  rotor  passage  was  to  preferentially  drive  high 
concentration  (hot)  fluid  toward  the  tip  (Fig.  V-22)  and  this  was  felt  by  the  second 
stator  (Fig.  V-24). 

-  The  radial  mixing  in  the  flow  over  the  rotor  caused  a  monotonic  increase  in  the  trace 
gas  concentration  along  the  stationary  rotor  tip  shroud  (Fig.  V-23). 

-  The  concentration  gradients  in  the  flow  aft  of  the  second  stator  were  very  weak  (Fig. 
V-26). 


-  The  profile  attenuation  process  was  nearly  complete  aft  of  the  second  stator  and 
although  all  three  airfoils  played  powerful  roles,  the  rotor  was  the  strongest  (Fig. 
V-28). 
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Computations  (Rai,  1987) 


-  All  of  the  three  dimensionality  seen  in  the  surface  flow  visualization  was  also  evident 
in  the  computed  surface  stream  lines  (Fig.  V-4). 

-  Downstream  of  the  first  stator  the  computation  gave  an  excellent  prediction  of  most 
of  the  flow  features.  It  successfully  predicted  all  the  qualitative  features  of  the  flow 
and  many  of  the  quantitative  features  (Fig.  V-8). 

-  The  computation  predicted  the  stator  exit  flow  with  sufficient  accuracy  that  the  rela¬ 
tive  total  pressure  of  the  flow  over  the  rotor  was  very  close  to  the  measured  value 
(Figs.  V-6  and  V-8g). 

-  The  computation  gave  a  good  prediction  of  the  stator  and  rotor  pressure  distributions, 
in  spite  of  the  differences  in  axial  gap  and  rotor  aspect  ratio  (Fig.  V-6). 

-  The  computed  secondary  flows  on  the  rotor  (surface  streamlines)  were  more  severe 
than  those  measured  due  to  the  low  rotor  aspect  ratio  used  in  the  computation  (Fig. 
V-4). 
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RECOMMENDATIONS 


As  a  result  of  the  work  carried  out  in  this  program  there  are  a  number  of  recommendations  with 
regard  to  future  work  that  should  be  considered. 

1.  The  effect  of  combustor  generated-turbulence  at  the  inlet  of  the  turbine  should  be  examined  to 
quantify  its  impact  on  profile  attenuation.  Initially  this  was  not  believed  to  be  an  important 
parameter,  however,  recent  work  in  axial  compressors  (Gallimore  [1986],  Wisler  et  al.  [1987])  sug¬ 
gests  that  this  may  not  be  the  case.  A  program  should  be  carried  out  in  which  a  highly  turbulent 
flow,  characteristic  of  that  exiting  a  combustor,  is  entering  the  turbine.  This  would  require  an  inten¬ 
sity  in  the  vicinity  of  10%  and  a  length  scale  large  enough  for  the  turbulence  to  persist  through  the 
turbine. 

It  might  be  anticipated  that  this  turbulence  would  not  have  a  significant  impact  on  the  inviscid 
aspects  of  the  flow  (i.e.,  the  airfoil  pressure  distributions).  Turbulence  would,  however,  be  ex¬ 
pected  to  have  an  impact  on  the  viscous  aspects  of  the  aerodynamics  (i.e.,  the  wakes  and  secondary 
flows)  and  on  the  temperature  profile  attenuation. 

2.  Although  the  measured  and  preliminary  computed  results  are  in  good  agreement  as  to  the  general 
nature  of  the  flow  aft  of  the  rotor  (Fig.  V-9a  and  Rai  [1987],  Fig.  28,  and  Madavan  et  al.  [1989],  Fig. 
20),  they  are  both  very  different  from  what  one  might  have  expected  in  the  region  close  to  the  airfoil 
trailing  edge  based  on  cascade  experience,  i.e.,  two  distinct  low  total  pressure,  high  loss,  regions. 
There  are  two  secondary  flow  vortices  present  in  the  measured  results  (Fig.  V-9g).  These  vortices 
were  not  apparent  in  the  preliminary  computed  results  (primarily  due  to  the  relatively  coarse  grid 
used).  This  fact,  coupled  with  the  large  amount  of  mixing  (profile  attenuation)  between  the  rotor 
inlet  and  exit  (Fig.  V-28),  suggests  that  it  would  be  beneficial  to  more  thoroughly  document  the 
development  of  the  rotor  exit  flow.  The  rotor  exit  data  in  the  present  work  was  acquired  at  Plane  3 
which  was  36%  aft  of  the  rotor  trailing  edge.  Additional  data  at  planes  closer  to  the  rotor  trailing 
edge  would  add  a  great  deal  to  the  picture.  These  additional  planes  of  data  would  also  be  of  value 
for  more  in-depth  computational  assessment. 
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W, 

X 
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Turbine  inlet  absolute  total  pressure 

Relative  total  pressure 

Rotary  total  pressure,  PTROT  =  PTREL  -  Qu 

Dynamic  pressure  based  on  U 

Dynamic  pressure  based  on  Um 

Rotor  wheel  speed 

Rotor  wheel  speed  at  midspan 
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x( ins.) 

Yj^dns. ) 
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1 
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6.80766 

6.80766 

2 

0.05932 

6.44630 

7.15365 

3 
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4 
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5 
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6.40354 
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6 
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7 
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8 
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7.26089 

9 
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7.29080 

11 
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7.30453 

12 
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13 

0.68980 
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14 

1.03810 
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15 
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7.38835 

16 

1.33470 
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7.39114 

17 
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16 
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19 

1.77960 
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20 
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21 

2.07620 
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7.25403 

22 

2.22450 

5.43404 

7.18927 

23 

2.37280 
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24 

2.52110 
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7.01363 

25 

2.66940 

5.06273 

6.90066 

26 

2.81770 

4.92096 

6.76967 

27 

2.96600 

4.76873 

6.61989 

28 

3.11430 

4.60490 

6.45078 

29 

3.26260 

4.42825 

6.26202 

30 

3.41090 

4.23771 

6.05354 

31 

3.55920 

4.03254 

5.82550 

32 

3.70750 

3.81279 

5.57826 

33 

3.65580 

3.57948 

5.31230 

34 

4.00410 

3.33397 

5.02816 

35 

4.15240 

3.07798 

4.72650 

36 

4.30070 

2.81269 

4.40803 

37 

4.44900 

2.53937 

4.07350 

36 

4.59730 

2.25873 

3.72369 

39 

4.74560 

1.97172 

3.35942 

40 

4.89390 

1.67884 

2.98147 

41 

5.04220 

1.38062 

2.59066 

42 

5.19050 

1.07737 

2.18773 

43 

5.33880 

0.76951 

1.77352 

44 

5.39812 

0.64517 

1.60482 

45 

5.45744 

0.52020 

1.43448 

46 

5.51676 
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47 

5.57608 
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48 
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49 

5.69472 

0.01364 

0.73745 

50 

5.75404 

-0.11456 

0.55950 

51 

5.81336 

-0.24329 

0.38014 

52 

5.87268 
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53 

5.93200 
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0.00000 

TABLE  Ic 
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LEADING  EDGE 
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METAL  ANGLE  (dsgr.) 
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0.44487 
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30.79000 


X(  ins. ) 

Yl( ins . ) 

1 

0.00000 

7.57702 

2 

0.05932 

7.35507 

3 

0.11864 

7.27456 

4 

0.17796 

7.22112 

5 

0.23728 

7.18355 

6 

0.29660 

7.15759 

7 

0.35592 

7.13967 

8 

0.41524 

7.12193 

9 

0.47456 

7.10338 

10 

0.53388 
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11 

0.59320 

7.06383 

12 

0.74150 
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13 

0.88980 

6.95010 

14 

1.03810 

6.88487 

15 

1.18640 

6.81377 

16 

1.33470 

6.73650 

17 

1.48300 

6.65274 

18 

1.63130 

6.56207 

19 

1.77960 

6.46407 

20 

1,92790 

6.35817 

21 

2.07620 

6.24376 

22 

2  22450 

6.12004 

23 

2. '..280 

5.98609 

24 

2.52110 

5.84072 

25 

2.66940 

5.68263 

26 

2.81770 

5.51023 

27 

2.96600 

5.32200 

28 

3.11430 

5.11693 

29 

3.26260 

4.89526 

30 

3.41090 
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31 

3.55920 

4.40859 

32 

3.70750 
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33 

3.85580 

3.87650 

34 

4.00410 

3.59714 

35 

4.15240 

3.31031 

36 

4.30070 

3.01688 

37 

4.44900 

2.71730 

38 

4.59730 

2.41223 

39 

4.74560 

2.10214 

40 

4.89390 

1.78726 

41 

5.04220 

1.46798 

42 

5.19050 

1.14458 

43 

5.33880 

0.81723 

44 

5.39812 

0.68529 

45 

5.45744 

0.55272 

46 

5.51676 

0.41958 

47 

5.57608 

0.28587 

48 

5.63540 
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49 

5.69472 

0.01698 

SO 

5.75404 

-0.00620 

51 

5.81336 

-0.10950 

52 

5.87266 

-0.09754 

S3 

5.93200 

0.00001 

TRAILING  EDGE 


0.10986 

20.25751 

6.79000 


Yudns. ) 

7.57702 

7.79897 

7.87949 

7.93293 

7.97049 

7.99646 

8.01409 

8.02987 

8.04449 

8.05803 

8.07044 

8.09615 

8.11406 

8.12374 

8.12465 

8.11627 

8.09803 

8.06935 

8.02955 

7.97793 

7.91381 

7.83635 

7.74477 

7.63818 

7.51566 

7.37624 
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7.04264 

6.84631 
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5.84072 
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5.20125 
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4.47775 

4.08802 

3.68183 

3.26080 

2.82654 

2.38047 

1.92403 

1.73880 

1.S5219 

1.36422 

1.17502 

0.98458 

0.79299 

0.60033 

0.40661 

0.21192 

O.OOOOl 


TABLE  2a 

AIRFOIL  GEOMETRY 

AIRFOIL:  FIRST  ROTOR  (HUB) 

■ 

PITCH  (ins.) 

5.41251 

n 

LEADING  EDGE 

TRAILING  EDGE  ||| 

RADIUS  (ins.) 

0.34867 

0.19(X)0  ^ 

METAL  ANGLE  (dsgr.) 

39.56323 

25.97078  y 

WEDGE  ANGLE  (degr.) 

31.19000 

5.31000  ■ 

X( ins. ) 

Yj^(ins. ) 

Yylins.)  T 

1 

0.00000 

2.86604 

2.86604  ll 

A 

0.06341 

2.66555 

3.08102  ■ 

3 

0.12682 

2.59706 

3.21151  ^ 

A 

0.19023 

2.SSS4S 

3.33187  1 

5 

0.25364 

2.53057 

3.44343  J 

6 

0.31705 

2.51881 

3.54722  ■ 

7 

0.38046 

2.51882 

3.64406  ■ 

8 

0.44387 

2.53062 

3.73464  " 

9 

0.50728 

2.55553 

3.81950 

10 

0.57069 

2.59558 

3.89912  ^ 

u 

0.63410 

2.63747 

3.97388  ■ 

12 

0.79262 

2.73147 

4.14166  ■ 

13 

0.95115 

2.81137 

4.28528 

14 

1.10967 

2.87832 

4.40773 

IS 

1.26820 

2.93322 

4.51126  M 

16 

1.42672 

2.97676 

4.59755  ■ 

17 

1.S8S2S 

3.00948 

4.66791  ■ 

18 

1.74377 

3.03180 

4.72339 

19 

1.90230 

3.04408 

4.76477 

20 

2.06082 

3.04653 

4.79267  H 

21 

2.21935 

3.03939 

4.80757  ■ 

22 

2.37787 

3.02278 

4.80981  ■ 

23 

2.53640 

2.99681 

4.79963 

24 

2.69492 

2.96157 

4.77715 

25 

2.85345 

2.91708 

4.74242  H 

26 

3.01197 

2.86339 

4.69537  ■ 

27 

3.17050 

2.80050 

4.63584  ^ 

28 

3.32902 

2.72831 

4.56359  1 

29 

3.48755 

2.64670 

4.47823  J 

30 

3.64607 

2.55547 

4.37924  ■1 

31 

3.80460 

2.45445 

4.26599  H 

32 

3.96312 

2.34348 

4.13761  "I 

33 

4.12165 

2.22234 

3.99304  1 

34 

4.28017 

2.09081 

3.83080  ^ 

35 

4.43870 

1.94860 

3.64903  ■ 

36 

4.59722 

1.79535 

3.44572  ■ 

37 

4.75575 

1.63070 

3.21968  j 

38 

4.91427 

1.45405 

2.97070  1 

39 

5.07280 

1.26487 

2.69996 

40 

5.23132 

1.06245 

2.40938  ■1 

41 

5.38985 

0.84595 

2.10143  ■ 

42 

5.54837 

0.61435 

1.77875 

43 

5.70690 

0.36649 

1.44378 

44 

5.77031 

0.26245 

1.30685  ■ 

45 

5.83372 

0.15541 

1.16841  ■ 

46 

5.89713 

0.04543 

1.02861  ■ 

47 

5.96054 

-0.06777 

0.88753 

48 

6.02395 

-0.16117 

0.74527  _ 

49 

6.08736 

-0.19892 

0.60194  ■ 

SO 

6.15077 

-0.20989 

0.45759  ■ 

51 

6.21418 

-0.19908 

0.31233  ■ 

52 

6.27759 

-0.161S8 

0.16622 

53 

6.34100 

-0.01989 

-0.01989  1 

1 

TABLE  2b 

AIRFOIL  GEOMETRY 


AIRFOIL;  FIRST  ROTOR  (MIDSPAN) 
PITCH  (ins.):  6.0587S 


LEADING  EDGE 

TRAILING  EDGE 

RADIUS  (ins.) 

0.34872 

0.19000 

METAL  ANGLE  (degr.) 

42.18646 

25.97093 

WEDGE  ANGLE  (degr.) 

31.24000 

5.31000 

x(ins.) 

Y^(ins. ) 

Yjjdns.  ) 

1 

0.00000 

3.41970 

3.41970 

2 

0.06341 

3.21919 

3.62774 

3 

0.12682 

3.15069 

3.74347 

4 

0.19023 

3.10908 

3.84906 

5 

0.25364 

3.08419 

3.94593 

6 

0.31705 

3.07242 

4.03516 

7 

0.38046 

3.07243 

4.11769 

e 

0.44387 

3.08422 

4.19414 

9 

0.50728 

3.10912 

4.26511 

10 

0.57069 

3.14694 

4.33106 

11 

0.63410 

3.18401 

4.39238 

12 

0.79262 

3.26583 

4.52752 

13 

0.95115 

3.33349 

4.63984 

14 

1.10967 

3.38822 

4.73220 

15 

1.26820 

3.43094 

4.80674 

16 

1.42672 

3.46228 

4.66506 

1  7 

*  ' 

1.58525 

3.48271 

4.90837 

18 

1.74377 

3.49248 

4.93760 

19 

1.90230 

3.49176 

4.95347 

20 

2.06082 

3.48053 

4.95652 

21 

2.21935 

3.45868 

4.94712 

22 

2.37787 

3.42596 

4.92555 

23 

2.53640 

3.38201 

4.89193 

24 

2.69492 

3.32633 

4.84632 

25 

2.8S34S 

3.25830 

4.78863 

26 

3.01197 

3.17735 

4.71866 

27 

3.17050 

3.08283 

4.63616 

28 

3.32902 

2.97433 

4.54063 

29 

3.48755 

2.85162 

4.43151 

30 

3.64607 

2.71486 

4.30799 

31 

3.80460 

2.56463 

4.16905 

32 

3.96312 

2.40136 

4.01334 

33 

4.12165 

2.22577 

3.83912 

34 

4.28017 

2.03852 

3.64406 

35 

4.43870 

1.84022 

3.42595 

36 

4.59722 

1.63139 

3.18387 

37 

4.75575 

1.41252 

2.91861 

38 

4.91427 

1.18402 

2.63221 

39 

5.07280 

0.94623 

2.32774 

40 

5.23132 

0.69955 

2.00832 

41 

5.38985 

0.44403 

1.67680 

42 

5.54837 

0.18008 

1.33571 

43 

5.70690 

-0.09214 

0.98699 

44 

5.77031 

-0.20337 

0.84573 

45 

5.83372 

-0.31578 

0.70359 

46 

5.89713 

-0.42949 

0.56065 

47 

5.96054 

-0.54448 

0.41698 

48 

6.02395 

-0.63800 

0.27261 

49 

6.08736 

-0.67575 

0.12765 

50 

6.15077 

-0.68673 

-0.01791 

51 

6.21418 

-0.67591 

-0.16397 

52 

6.27759 

-0.63841 

-0.31052 

53 

6.34100 

-0.49672 

-0.49672 

TABLE  2c 

AIRFOIL  GEOMETRY 


AIRFOIL:  FIRST  ROTOR  (TIP) 
PITCH  (ins.):  6.70506 


RADIUS  (ins.) 

METAL  ANGLE  (degr.) 
WEDGE  ANGLE  (degr.) 


LEADING  EDGE 

0.34881 

46.66805 

31.26000 


TRAILING  EDGE 

0.19000 

25.96767 

5.31000 


x(ins.) 

y£^(  ins. ) 

Yylins. 1 

1 

o.ooooc 

3.97348 

3.97348 

2 

0.06341 

3.77294 

4.17548 

3 

0.12682 

3.70443 

4.27381 

4 

0.19023 

3.66280 

4.36353 

5 

0.25364 

3.63790 

4.44573 

6 

0.31705 

3.62612 

4.52127 

7 

0.38046 

3.62611 

4.59084 

8 

0.44387 

3.63787 

4.65499 

9 

0.50728 

3.66275 

4.71419 

10 

0.57069 

3.69488 

4.76883 

11 

0.63410 

3.72462 

4.81924 

12 

0.79262 

3.78887 

4.92848 

13 

0.95115 

3.83974 

5.01637 

14 

1.10967 

3.87814 

5.08539 

IS 

1.26820 

3.90472 

5.13737 

16 

1.42672 

3.91989 

5.17369 

n 

1.58525 

3.92388 

5.19537 

18 

1.74377 

3.91674 

5.20321 

19 

1.90230 

3.89838 

5.19778 

20 

2.06082 

3.86851 

5.17950 

21 

2.21935 

3.82665 

5.14862 

22 

2.37787 

3.77210 

5.10529 

23 

2.53640 

3.70385 

5.04954 

24 

2.69492 

3.62049 

4.98122 

25 

2.85345 

3.52015 

4.90012 

26 

3.01197 

3.40033 

4.80585 

27 

3.17050 

3.25903 

4.69788 

28 

3.32902 

3.09581 

4.57543 

29 

3.48755 

2.91352 

4.43757 

30 

3.64607 

2.71577 

4.28296 

31 

3.80460 

2.50562 

4.10990 

32 

3.96312 

2.28505 

3.91608 

33 

4.12165 

2.05587 

3.69853 

34 

4.28017 

1.81890 

3.45544 

35 

4.43870 

1.57520 

3.18730 

36 

4.59722 

1.32521 

2.89675 

37 

4.75575 

1.06966 

2.58780 

38 

4.91427 

0.80884 

2.26420 

39 

5.07280 

0.54319 

1.92951 

40 

5.23132 

0.27306 

1.58629 

41 

5.38985 

-0.00136 

1.23664 

42 

5.54837 

-0.27975 

0.88207 

43 

5.70690 

-0.56201 

0.52368 

44 

5.77031 

-0.67597 

0.37945 

45 

5.83372 

-0.79046 

0.23478 

46 

5.89713 

-0.90562 

0.08974 

47 

5.96054 

-1.02119 

-0.05569 

48 

6.02395 

-1.11481 

-0.20147 

49 

6.08736 

-1.15257 

-0.34753 

SO 

6.15077 

-1.16355 

-0.49387 

51 

6.21418 

-1.15274 

-0.64045 

52 

6.27759 

-1.11524 

-0.78728 

S3 

6.34100 

-0.97355 

-0.97355 

TABLE  3a 

AIRFOIL  GEOMETRY 


AIRFOIL:  SECOND  STATOR  (HUB) 
PITCH  (ins.):  5.41251 


LEADING  EDGE 

TRAILING  EDGE 

RADIUS  (ins.) 

0.34999 

0.19000 

METAL  ANGLE  (degr.) 

29.91000 

24.98619 

WEDGE  ANGLE  (degr.) 

41.01068 

8.91000 

X( ins. ) 

YL(ins. ) 

Yulins. ) 

1 

0.00000 

3.68263 

3.68263 

2 

0.06452 

3.48015 

3.89472 

3 

0.12904 

3.41120 

4.01869 

4 

0.19356 

3.36955 

4.13494 

c 

0.25808 

3.34493 

4.24410 

6 

0 . 32260 

3.33372 

4.34672 

T 

0.38712 

3.33462 

4.44324 

8 

0.45164 

3.34773 

4.53408 

9 

0.51616 

3.37461 

4.61958 

10 

0.58068 

3.41583 

4.70006 

11 

0.64520 

3.45739 

4.77578 

12 

0.80650 

3.55269 

4.94580 

13 

0.96780 

3.63560 

5.09069 

14 

1.12910 

3.70599 

5.21287 

15 

1.29040 

3.76376 

5.31424 

16 

1.45170 

3.80880 

5.39634 

17 

1.61300 

3.84106 

5.46037 

18 

1.77430 

3.86048 

5.50735 

19 

1.93560 

3.86704 

5.53806 

20 

2.09690 

3.86072 

5.55317 

21 

2.25820 

3.04153 

5.55319 

22 

2.41950 

3.80950 

5.53852 

23 

2.58080 

3.76460 

5.50948 

24 

2.74210 

3.70714 

5.46629 

25 

2.90340 

3.63698 

5.40908 

26 

3.06470 

3.55430 

5.33790 

27 

3.22600 

3.45921 

5.25273 

28  , 

3.38730 

3.35108 

5.15348 

29 

3.54860 

3.23245 

5.03995 

30 

3.70990 

3.10111 

4.91189 

31 

3.87120 

2.95002 

4.76892 

32 

4.03250 

2.80339 

4.61058 

33 

4.19380 

2.63745 

4.43628 

34 

4.35510 

2.46037 

4.24527 

35 

4.51640 

2.27244 

4.03662 

36 

4.67770 

2.07304 

3.80928 

37 

4.83900 

1.06483 

3.56222 

38 

5.00030 

1.64569 

3.29479 

39 

5.16160 

1.41663 

3.00662 

40 

5.32290 

1.17789 

2.69784 

41 

5.48420 

0.92975 

2.36890 

42 

5.64550 

0.67246 

2.02068 

43 

5.80680 

0.40629 

1.65431 

44 

5.87132 

0.29730 

1.50296 

45 

5.93584 

0.18710 

1.34900 

46 

6.00036 

0.07548 

1.19252 

47 

6.06488 

-0.03740 

1.03361 

48 

6.12940 

-0.13608 

0.87238 

49 

6.19392 

-0.17738 

0.70890 

SO 

6.25844 

-0.18997 

0.54327 

51 

6.32296 

-0.17996 

0.37560 

52 

6.38748 

-0.14267 

0.20595 

S3 

6.45200 

0.00000 

0.00000 

TABLE  3b 

AIRFOIL  GEOMETRY 


AIRFOIL:  SECOND  STATOR  (MIDSPAN) 
PITCH  (ins.):  6.05879 


LEADING  EDGE 

TRAILING  EDGE 

RADIUS  (ins.) 

0.34999 

0.19000 

METAL  ANGLE  (degr.) 

45.66800 

25.00000 

WEDGE  ANGLE  (degr.) 

27.50000 

6.50000 

X(lns.) 

y^dns.) 

Vydns. ) 

1 

0.00000 

4.10291 

4.10291 

2 

0.06452 

3.47786 

4.30650 

3 

0 . 12904 

3.52665 

4.40610 

4 

0.19356 

3.57793 

4.50013 

S 

0.25808 

3.62510 

4.58895 

6 

0.32260 

3.67035 

4.67285 

7 

0.38712 

3.71368 

4.75210 

8 

0.45164 

3.75508 

4.82695 

9 

0.51616 

3.79454 

4.89760 

10 

0.58068 

3.83206 

4.96425 

u 

0.64520 

3.86762 

5.02707 

12 

0.80650 

3.94796 

5.16834 

13 

0.96780 

4.01599 

5.28865 

14 

1.12910 

4.07162 

5.38963 

IS 

1.29040 

4.11462 

5.47259 

16 

1.45170 

4.14552 

5.53659 

17 

1.61300 

4.16371 

5.58649 

16 

1.77430 

4.16934 

5.62296 

19 

1.93560 

4.16244 

5.64258 

20 

2.09690 

4.14298 

5.64778 

21 

2.25820 

4.11101 

5.63888 

22 

2.41950 

4.06655 

5.61615 

23 

2.58080 

4.00965 

5.57973 

24 

2.74210 

3.94037 

5.52972 

25 

2.90340 

3.65679 

5.46611 

26 

3.06470 

3.76498 

5.38682 

27 

3.22600 

3.65906 

5.29771 

28 

3.38730 

3.54111 

5.19255 

29 

3.54860 

3.41127 

5.07300 

30 

3.70990 

3.26967 

4.93863 

31 

3.87120 

3.11644 

4.78891 

32 

4.03250 

2.95172 

4.62316 

33 

4.19380 

2.77568 

4.44053 

34 

4.35510 

2.58649 

4.24001 

3S 

4.51640 

2.39030 

4.02052 

36 

4.67770 

2.18130 

3.78134 

37 

4.63900 

1.96166 

3.52218 

38 

5.00030 

1.73160 

3.24330 

39 

5.16160 

1.49128 

2.94535 

40 

5.32290 

1.24090 

2.62941 

41 

5.48420 

0.98064 

2.29662 

42 

5.64550 

0.71074 

1.94914 

43 

5.80680 

0.43141 

1.58790 

44 

5.87132 

0.31707 

1.43996 

45 

5.93584 

0.20126 

1.29018 

46 

6.00036 

0.08400 

1.13867 

47 

6.06488 

-0.03471 

0.96552 

48 

6.12940 

-0.15484 

0.83080 

49 

6.19392 

-0.27639 

0.67459 

SO 

6.25844 

-0.39934 

0.51699 

51 

6.32296 

-0.52368 

0.35605 

52 

6.38748 

-0.64939 

0.19786 

53 

6.45200 

0.00000 

0.00000 

TABLE  3c 

AIRFOIL  GEOMETRY 


AIRFaL:  SECOND  STATOR  (TIP) 
PITCH  (ins.):  6.70506 


RADIUS  (ins.) 

METAL  ANGLE  (dsgr.) 
WEDGE  ANGLE  (degr.) 


LEADING  EDGE 

0.35006 

50.49115 

25.12000 


TRAILING  EDGE 

0.19000 

24.98778 

4.09000 


X( ins. ) 

Y^lins. ) 

Yydns. ) 

1 

0.00000 

4.53429 

4.53429 

2 

0.06452 

4.33178 

4.73679 

3 

0.12904 

4.26282 

4.81836 

4 

0.19356 

4.22116 

4.89463 

5 

0.25808 

4.19652 

4.96641 

6 

0.32260 

4.18530 

5.03396 

1 

0.38712 

4.18619 

5.09751 

0 

0.45164 

4.19929 

5.15728 

9 

0.51616 

4.22602 

5.21343 

10 

0.58068 

4.25762 

5.26613 

A  • 

0.64520 

4.28729 

5.31552 

12 

0.80650 

4.35297 

5.42538 

13 

0.96780 

4.40647 

5.51708 

14 

1.12910 

4.44777 

5.59199 

IS 

1.29040 

4.47683 

5.65117 

16 

1.45170 

4.49364 

5.69551 

IT 

1.61300 

4.49819 

5.72567 

18 

1.77430 

4.49045 

5.742X9 

19 

1.93560 

4.47047 

5.74550 

20 

2.09690 

4.43822 

5.73590 

21 

2.25820 

4.39375 

5.71360 

22 

2.41950 

4.33706 

5.67874 

23 

2.58080 

4.26823 

5.63135 

24 

2.74210 

4.18728 

5.57140 

2S 

2.90340 

4.09426 

5.49876 

26 

3.06470 

3.98924 

5.41323 

2T 

3.22600 

3.87229 

5.31449 

28 

3.38730 

3.74348 

5.20215 

29 

3.54860 

3.60289 

5.07566 

30 

3.70990 

3.45062 

4.93435 

31 

3.87120 

3.28675 

4.77738 

32 

4.03250 

3.11139 

4.60366 

33 

4.19380 

2.92465 

4.41196 

34 

4.35510 

2.72666 

4.20118 

35 

4.51640 

2.51749 

3.97077 

36 

4.67770 

2.29731 

3.72077 

37 

4.83900 

2.06620 

3.45177 

38 

5.00030 

1.82436 

3.16495 

39 

5.16160 

1.57X87 

2.86176 

40 

5.32290 

1.30889 

2.54389 

41 

5.48420 

1.03553 

2.21304 

42 

5.64550 

0.75199 

1.87091 

43 

5.80680 

0.45841 

1.51902 

44 

5.87132 

0.33818 

1.37585 

45 

5.93584 

0.21639 

1.23140 

46 

6.00036 

0.09302 

1.08577 

47 

6.06488 

-0.03190 

0.93902 

48 

6.12940 

-0.13607 

0.79122 

49 

6.19392 

-0.17738 

0.64244 

SO 

6.25844 

-0.18996 

0.49272 

51 

6.32296 

-0.17995 

0.34214 

52 

6.38748 

-0.14267 

0.19073 

53 

6.45200 

0.00000 

0.00000 

GRID 

LOCATION 


I 


86-11-38-1 


Fig.  11-1  United  Technoiogies  Research  Center  Large  Scaie  Rotating  Rig 
(•Present  Study) 


(First  Vane  and  Rotor  Case  Removed) 


Fig.  n-2 


Large  Scale  Rotating  Rig  1  1/2  Stage  Turbine 


Fig.  n-3 


LSRR  Turbine  Connguradons 
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Fig.  V-4d  Computed  First  Stator  and  Rotor  Surface  Flow, 
Rotor  Hub 
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Airfoil  Midspan  Pressure  Distributions 
(axial  gaps  not  to  scale) 
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Fig.  V-8a  First  Stator  Exit  Results,  Plane  2-Absolute,  Measured  17%  aft 
and  Computed  9%  aft. 

Absolute  Total  Pressure  Contours,  ^CPTABS  =  O.IO 
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Fig.  V-8b  First  Stator  Exit  Results,  Plane  2-Absolute,  Measured  17%  aft 
and  Computed  9%  aft. 

Total  and  Static  Pressures  at  Midspan 
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Fig.  V-8d  First  Stator  Exit  Results,  Plane  2-Absolute,  Measured  17%  aft 
and  Computed  9%  aft.  Static  Pressure  Contours,  ACPS  =  0.10 


Fig.  V-8e  First  Stator  Exit  Results,  Plane  2-Absolute,  Measured  17%  aft 
and  Computed  9%  aft. 

Static  Pressure,  Circumferential  Area  Average 
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Fig.  V-8g  First  Stator  Exit  Results,  Plane  2-Absolute,  Measured  17%  aft 
and  Computed  9%  aft. 

Rotary  Total  Pressure,  Circumferential  Mass  Average 


l.S-STACE  TURBINE.  STA.  2-ABS.  CX/U-  0.78.  X/BX-  0.50 


Fig.  V-8h  First  Stator  Exit  Results,  Plane  2-Absolute,  Measured  17%  aft 
and  Computed  9%  aft. 

Absolute  Velocity  Contours,  A(C/t/«) »  0.05 
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First  Stator  Exit  Results,  Plane  2-Absolute,  Measured  17%  aft 
and  Computed  9%  aft. 

Relative  Flow  Angle  (Arctan[WTAA/CXAA]) 
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Fig.  V-9a  Rotor  Exit  Results,  Plane  3-Relative,  Measured  36%  aft. 
Rotary  Total  Pressure  Contours,  &CPTROT  *  0.10 
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Fig.  V-9c  Rotor  Exit  Results,  Plane  3-Relative,  Measured  36%  aft. 
Static  Pressure  Contours,  ACPJ  =  O.lO 
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Fig,  V-9f  Rotor  Exit  Results,  Plane  3-Relative,  Measured  36%  aft. 
Relative  Velocity  Contours,  &(WfU^  =  0.05 
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Fig.  V-lOa  Second  Stator  Exit  Results,  Plane  4-Abs.,  Measured  14%  aft. 
Absolute  Total  Pressure  Contours,  ACPTABS  »  0.10 
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Rb.  V-lOb  Second  Stator  Exit  Results,  Plane  4-Abs.,  Measured  14*} 
Absolute  Total  Pressure.  Circumferential  Mass  Averawe. 
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Fig.  V-lOc  Second  Stator  Exit  Results,  Plane  4-Abs.,  Measured  14%  aft. 
Static  Pressure  Contours,  ^CPS  =  O.lO 
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Fig.  V-lOe  Second  Stator  Exit  Results,  Plane  4-Abs.,  Measured  14%  aft, 
Rotaiy  Total  Pressure  Contours,  acptrot  =  O.iO 
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Fig.  V-lOf  Second  Stator  Exit  Results,  Plane  4-Abs.,  Measured  14%  aft. 
Rotary  Total  Pressure,  Circumferential  Mass  Average 
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Fig,  V-lOg  Second  Stator  Exit  Results,  Plane  4-Abs.,  Measured  14%  aft, 
Absolute  Velocity  Contours,  A(C/£/m)  =  0.05 


Fig.  V-lOh  Second  Stator  Exit  Results,  Plane  4— Abs.,  Measured  14%  aft, 
Secondary  Flow  with  Average  Yaw  (Absolute)  at  50%  Span 
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C02  CONCENTRATION  (NON-DIMENSIONAL) 
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Fig.  V-12  Averaged  Inlet,  Plane  1,  Trace  Gas  Concentration  Profile 
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Fig.  V-13  First  Stator  Surface  Trace  Gas  Concentration 


C02  CONCENTRATION  (NON-DIMENSIONAL) 


Fig.  V-14  First  Stator  Leading  Edge  Trace  Gas  Concentration  Profile 
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First  Stator  Exit,  Plane  2,  Trace  Gas  Contours,  Af  s  o.l 
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Fig.  V-16  First  Stator  Exit,  Plane  2,  Trace  Gas  Average  Profile 


C02  CONCENTRATION  (NON-DIMENSIONAL) 


Fig.  V-17  Comparison  of  the  Average  Inlet  (Plane  1)  Profile  with  the 
Averaged  Profile  at  Plane  2  and  the  Rotor  Rake 
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Fig.  V-20  Rotor  Exit  Relative,  Plane  3-Relative,  Trace  Gas  Contours, 

AF  =  0.l 


RADIUS-IN 


Rotor  Exit  Absolute,  Plane  3-Absolute,  Trace  Gas  Contours, 
AF  =  0.1 


C02  CONCENTRATION  (NON-DIMENSIONAL) 
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Fig-  V-22  Rotor  Exit  (Plane  3-Rclative  and  Absolute) 
Trace  Gas  Average  Profiles 


Fig.  V-23  Rotor  Shroud  Trace  Gas  Qjncentration 
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Fig.  V-24  Second  StatOT  Surface  Trace  Gas  Concentration 
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Fig.  V-2S  Comparison  of  the  Second  Stator  Leading  Edge  Concentration 
Profile,  the  Rotor  Rake  Profile  and  the  Inlet  Profile 


Fig.  V-26  Second  Stator  Exit,  Plane  4,  Trace  Gas  Contours,  AF  =  0.1 
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Fig.  V-27  Second  Stator  Exit  (Plane  4)  Trace  Gas  Average  Profile  Com¬ 
pared  with  the  Rotor  Exit  Average  (Plane  2-Relative)  and  the 
Inlet  Profile  (Plane  1) 
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Fig.  V-28  Comparison  of  Concentration  Profiles  at  Planes  1,  2,  3  and  4 


Fig.  V-29  Turbine  Surface  Trace  Gas  Concentration 


